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3| Dust absorption and scattering in the
silicon K-edge

Abstract
Context The composition and properties of interstellar silicate dust are not well understood.
In the X-rays, interstellar dust can be studied in detail, by making use of the fine structure
features in the Si K-edge. The features in the Si K-edge offer a range of possibilities to study
silicon-bearing dust, such as investigating the crystallinity, abundance and the chemical com-
position along a given line of sight.
Aims We present newly acquired laboratory measurements of the silicon K-edge of several
silicate-compounds which complement our measurements from our earlier pilot study. The
resulting dust absorption profiles serve as as templates for the interstellar absorption that we
observe. The absorption profiles were used to model the interstellar dust in the dense envi-
ronments of the Galaxy.
Methods The laboratory measurements, taken at the Soleil synchrotron facility in Paris, were
adapted for astrophysical data analysis and implemented in the SPEX spectral fitting pro-
gram. The models were used to fit the spectra of nine low-mass X-ray binaries located in the
Galactic center neighborhood in order to determine the dust properties along those lines of
sight.
Results Almost all lines of sight can be well fitted by amorphous olivine. We also established
upper limits on the amount of crystalline material that the modeling allows. We find that
iron-poor pyroxenes do not provide a good match to the data. We obtained values of the total
silicon abundance, silicon dust abundance and depletion along each of the sightlines. We find
a possible gradient of 0.06 ± 0.02 dex/kpc for the total silicon abundance versus the Galac-
tocentric distance. We do not find a relation between the depletion and the extinction along
the line of sight.

S.T. Zeegers, E. Costantini, D. Rogantini, C.P. de Vries, H. Mutschke,
P. Mohr, F. de Groot, A.G.G.M. Tielens

to be submitted to A&A, (2018)
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3.1 Introduction

Silicates form an important and abundant component of the interstellar dust (Tielens, 2001).
They are found at every evolutionary stage in the life cycle of stars, such as interstellar clouds,
the circumstellar environment of oxygen rich Asymptotic Giant Branch (AGB) stars, proto-
stellar disks, meteorites, comets, on Earth and on other planets (Henning, 2010). It is there-
fore crucial to understand the composition and properties of the silicate dust in order to make
correct assumptions about each of the many processes in the universe in which the dust plays
a role.

Observations of the gas abundances in interstellar environments have given an indication
of the dust composition in the Galaxy. From observations of the Sun, nearby stars and the
solar system it is known which elements are expected to be abundant in the ISM. However,
certain elements are depleted from the cold gas phase and are assumed to be residing in dust
particles (Draine, 2003). Here we define depletion as the ratio of the dust abundance to the
total amount of a given element (i.e. both gas and dust). A large fraction of the abundant
elements carbon, oxygen, silicon, iron and magnesium are thought to be depleted in dust
(Jenkins, 2009; Savage and Sembach, 1996). These elements form the basic constituents of
silicates, except for carbon which forms its own grain population of carbonaceous dust (Wein-
gartner and Draine, 2001). However, the precise composition of interstellar silicates remains
unknown. The bulk of the interstellar silicate dust is thought to consist of olivine and pyroxene
types of dust, with iron and magnesium and smaller contributions of less abundant elements,
such as calcium (Tielens, 2001). In addition there may be oxides (e.g. SiO, SiO2) present,
since they are observed in stellar spectra (Posch et al., 2002; Henning et al., 1995), and silicon
could also be present in small amount in the form of silicon carbide (SiC, Kemper et al., 2004;
Min et al., 2007).

Much of our knowledge of interstellar silicates comes from the study of infrared absorp-
tion and emission features. In the infrared, silicates are mainly observed by using the Si-O
bending and stretching modes at 10 and 20 µm. Draine and Lee (1984) used synthetic opti-
cal functions in combination with the observational opacities of the 9.7 µm feature to derive
an average composition of the silicate dust (called astrosilicate), finding an olivine type with
a composition of Mg1.1Fe0.9SiO4 and in this way the silicate grains would incorporate 90%,
95%, 94% and 16% of the total Si, Mg, Fe and O, respectively. Nonetheless, interstellar sili-
cates are expected to form a mixture of different silicate types, including olivine, but also, for
example, pyroxene. Studies by Kemper et al. (2004), Chiar and Tielens (2006) and Min et al.
(2007) compared laboratory spectra with observations and find that a combination of olivine
and pyroxene dust models fit the 10 µm feature, although they find varying contributions of
olivine and pyroxene as well as for the iron to magnesium ratio.

An important property of the dust is the crystallinity, from which we can learn about
the formation history of the dust. However, the formation process of crystalline dust is not
well understood (Speck et al., 2011). We know, from observations of circumstellar dust, that
evolved oxygen rich AGB stars produce silicate dust and that up to about 15% of this dust is in
crystalline form. The dust is then subsequently injected in the ISM by stellar winds (Sylvester
et al., 1999; Kemper et al., 2004). Crystalline dust is thought to be formed close to the star and
is expected to be mostly magnesium rich. Further from the star the temperatures are lower
and the silicates do not get the opportunity to crystallize (Molster et al., 2002). However,
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this formation process of crystalline dust is not certain. Speck et al. (2015) found crystalline
dust at the outer edge of the star HD 161796 and amorphous dust in the inner part of the
dust shell. They propose that crystallization may happen when the dust encounters the ISM.
Further away from dust forming stars, in the diffuse ISM, the smooth features of the ∼ 10 µm
and ∼ 20 µm indicate that most of the interstellar dust appears amorphous. Only 1.1% of
the dust along the lines of sight toward carbon-rich Wolf-Rayet stars near the center of the
Galaxy appears to be crystalline (Kemper et al., 2004). From the mass budget of stellar dust
sources the amount of crystalline dust in the ISM is expected from the to be ∼ 5% (Kemper
et al., 2004), which suggests considerable re-processing of the dust in the ISM. Over time,
the silicates may lose their crystalline structure in the violent environment of the ISM, where
the dust is bombarded by radiation and cosmic rays on a timescale of ∼ 70 Myr (Bringa
et al., 2007). These processes may be the cause of the amorphisation of crystalline dust in the
ISM (Jäger et al., 2003, and references therein). Interestingly, silicates are again abundant in
crystalline form in proto-planetary disks. The cores of some interstellar grains retrieved by the
stardust mission, also show the presence of crystalline dust (Westphal et al., 2014), showing
the possibility that at least some of the crystalline interstellar dust may survive in the ISM.

The soft X-ray part of the spectrum provides an alternative wavelength range for the study
of interstellar dust (Draine, 2003; Lee et al., 2009; Costantini et al., 2012). X-ray binaries are
used as a background source to observe the intervening gas and dust along the line of sight.
In the spectra of these X-ray binaries, we can observe several absorption edges. Depending
on the column density along the line of sight and the brightness of the source, it is possible to
access the absorption edges of different elements. X-ray Absorption Fine Structures (XAFS)
near the atomic absorption edges of elements can be used as a unique fingerprint of the dust
along the line of sight toward the source. XAFS are observed in X-ray spectra of various
astrophysical sources of Chandra and XMM-Newton (Lee et al., 2001; Ueda et al., 2005;
Kaastra et al., 2009; de Vries and Costantini, 2009; Pinto et al., 2010, 2013; Costantini et al.,
2012; Valencic and Smith, 2013; Zeegers et al., 2017, Chapter 2). These provide a powerful
tool to study the composition, abundance, crystallinity, stoichiometry, and size of interstellar
silicates (de Vries and Costantini, 2009, Chapter 2).

Interstellar dust may show slight variations in different environments. For example, from
densemolecular clouds we know, that dust may incorporate a layer of ice around the grains, but
also in less dense environments the dust may show variations in composition and properties.
For instance, the abundances of several elements, show a decrease with distance from the
Galactic center (Rolleston et al., 2000; Chen et al., 2003; Davies et al., 2009). The ISM is
also known to be patchy and therefore may allow the observation of local differences in the
chemistry along different lines of sight (Bohlin et al., 1978; Nittler, 2005). The X-rays provide
the possibility to study dust in different environments. In this study, we focus on the silicon
K-edge, which gives access to denser regions in the central part of the Galaxy.

In our pilot study, we showed the analysis of the silicon K-edge of GX 5-1 (Chapter 2).
Here we expanded the number of sources we study to a total of nine. Furthermore, we ex-
panded the set of silicate samples with respect to the previous study from six to fifteen. The
sample set contains the interstellar dust analogues pyroxenes, olivines and silicon dioxide, that
can be used to analyze interstellar silicate dust. These measurements are part of a larger labo-
ratory measurement campaign (Costantini and de Vries, 2013).

The chapter is structured in the following way: In Section 3.2 we explain the analysis of
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our laboratory data and the use of XAFS to investigate the composition of interstellar dust. In
Section 3.3 we explain how we obtained the extinction cross-section and implemented them
in the extinction profiles that can be used as interstellar dust models in an X-ray fitting code.
In Section 3.4 we show the source selection, data and spectral analysis. In Section 3.5 we
discuss the results and the chemistry of the dust toward the dense central area of the Galaxy.
Lastly, in Section 3.6, we give a summary and our conclusion.

3.2 X-ray absorption edges

3.2.1 The samples

In this analysis, we make use of 14 different dust samples for which we measured the Si K-
edges. The composition and structure of these dust samples are listed in Table 3.1, where the
first five samples are the same as in Chapter 2. The additional samples, 6 to 14, were measured
in January 2017 at the Soleil synchrotron facility in Paris.

There are several olivine- and pyroxene-type silicates among the samples, as well as differ-
ent types of quartz. Although technically quartz types (samples 13-15) are oxides, we will refer
to all the samples in the paper as silicates. Samples 2, 3, 5, 6, 7, 8, and 10 were synthesized for
this analysis in laboratories at AIU Jena and Osaka University. In particular, the amorphous
samples (2, 5, 7, 8 and 10) have been synthesized by quenching of a melt according to the
procedure described by Dorschner et al. (1995). There are also synthesized crystalline samples
in the sample set, such as fayalite (sample 9). The crystals of this sample have been grown by a
method called the ‘scull method’ (Lingenberg, 1986). More details about samples 1-5 can be
found in Zeegers et al. 2017 and more details about samples 6-15 can be found in Table 3.1.

The samples were all chosen because of their relevance as a possible component of the
silicate dust in the ISM. We used the following criteria in the selection of this sample set:

• The sample set consists out of pyroxenes, olivines and oxides

• The silicate samples have different iron to magnesium ratios

• The samples contain both amorphous and crystalline silicates

The motivation of these selection criteria is based primarily on Draine and Lee (1984),
who derived a general composition of ‘astronomical silicate’based upon infrared emissivities
inferred from observations of circumstellar and interstellar grains. The composition of this
silicate is used as a starting point for the composition of the silicates in our sample set. The
content of the sample set is then more refined by involving the results of detailed studies
of the 9.7 and 18 µm features in the infrared, which give an indication of the silicate dust
composition. Since we expect amorphous silicates to be abundantly present (Kemper et al.,
2004), the sample set contains seven amorphous samples of which six have a different com-
position, one olivine, two quartz types and four pyroxenes. From studies in the 8 − 13 µm
band it can be concluded that a mix of predominantly pyroxenes and olivines fit the observed
spectra well (Kemper et al., 2004; Chiar and Tielens, 2006; Min et al., 2007). While Kemper
et al. (2004) find that olivine dust dominates by mass in the ISM, Chiar and Tielens (2006)
find that pyroxene dominates. Both pyroxenes and olivines are therefore well represented in
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Table 3.1: Samples

No. Name Chemical formula Structure
1 Olivine Mg1.56Fe0.4Si0.91O4 crystal
2 Pyroxene Mg0.9Fe0.1SiO3 amorphous
3 Pyroxene Mg0.9Fe0.1SiO3 crystal
4 Enstatite MgSiO3 crystal∗
5 Pyroxene Mg0.6Fe0.4SiO3 amorphous
6 Pyroxene Mg0.6Fe0.4SiO3 crystal
7 Olivine (Mg0.5Fe0.5)2SiO4 amorphous
8 Pyroxene Mg0.75Fe0.25SiO3 amorphous
9 Fayalite Fe2SiO4 crystal
10 Enstatite MgSiO3 amorphous
11 Forsterite Mg2SiO4 crystal
12 Quartz SiO2 crystal
13 Quartz SiO2 amorphous
14 Quartz SiO2 amorphous

∗Sample 4 contains a very small amount iron, which is not significant in our analysis. The Fe:Mg ratio is 4×10−2.
Sample 6 is a pyroxene and the crystalline counterpart of sample 5. Sample 7 is an amorphous olivine with equal
contributions of iron and magnesium. Sample 8 is an amorphous pyroxene with an iron to magnesium ratio of 1:3.
Sample 9, fayalite, was synthesized at the at the University of Frankfurt, Physical Institute (Fabian et al., 2001).
Sample 10 is an amorphous enstatite, which was synthesized at AIU Jena. Sample 11, forsterite, is a commercial
product from the company Alfa Aesar. Sample 12 is a natural rock crystal from Brazil (Zeidler et al., 2013). Sample
13, an amorphous silica, is a commercial product of company Qsil Ilmenau, Germany, named “ilmasil”. Sample 14, is
a commercial amorphous silica powder supplied by the company Fisher Scientific. Sample 13 and 14 differ in degree
of amorphisation as can be observed by the XAFS in the lower right panel of Figure 3.16 in Appendix 3.B.

our sample set. Furthermore, different values of the Mg/Fe ratio have been found in silicate
dust in the ISM (Kemper et al., 2004; Min et al., 2007). In order to be able to investigate
this ratio, we use dust samples with different iron to magnesium ratios. In the case of olivine
type silicates we explore both extremes, namely fayalite and forsterite. Fayalite is the iron end-
member of the olivine-group, whereas forsterite is the magnesium end-member. Our sample
also contains an amorphous olivine with equal amounts of iron and magnesium.

3.2.2 Analysis of laboratory data

A self-evident method to measure the degree of absorption of a sample would be to measure
the transmission of the radiation through the sample. This can be done by measuring the ratio
of the intensity of the incoming beam to that of the transmitted beam. In order to appear
optically thin at the energy around the Si K-edge, such a measurement would require a sample
thickness of 1.0−0.5 µm. It is impractical to perform measurements with such thin samples at
X-ray energies. Therefore, the degree of absorption of the samples cannot be measured directly
through transmission. Instead, the absorption is derived from the fluorescent measurements
of the Si Kα line in our analysis of the Si K-edge. An overview of the theory behind this
method can be found in Section 2.3.2 of Chapter 2.
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The fluorescent measurements of the samples were performed at the SOLEIL synchrotron
facility in Paris using the LUCIA beamline (Flank et al., 2006). The first run was completed
and published in Chapter 2, the second run was completed in 2017 and presented in this
chapter. All the samples were pulverised into a fine powder. This powder was then pressed
into a layer of indium, which was stuck on a copper sample plate. The sample plate was placed
in the X-ray beam in a vacuum environment. The reflecting fluorescent signal was measured
by a silicon drift diode detector. Each sample was measured at two different positions on the
sample plate and for each position the measurement was repeated once, resulting in a total of
four measurements per sample. The change is position is necessary to avoid any dependence
of the measurement on the position of the sample on the copper plate. We took the average of
the resulting four measurement. In order to obtain the noise in the measurements, we deter-
mined the dispersion among the measurements. We found a small dispersion of 5% among
the measurements. This is slightly higher than in our previous sample set of Chapter 2, but
still considered negligible. After the measurements have been obtained they need to be cor-
rected for two effects, namely pile-up and for saturation. Pile-up occurs when two photons hit
the detector at once and are recorded as one event with double the energy. This effect can be
seen in the spectrum as a spurious line appearing at twice the expected energy. This effect is,
however, minimal (< 1%). Saturation occurs because the measured fluorescent signal is not
directly proportional to the absorption. The effect of saturation becomes important when a
sample is concentrated, which is the case here (de Groot, 2012). We use the program FLUO
to correct for saturation when needed (Stern et al., 1995). More details can be found in Chap-
ter 2, since here we follow the same correction procedure. We note that a crystalline pyroxene
was omitted from our sample set, which is present in Chapter 2 and indicated there as sample
6. The correction is on average three times larger than in the other samples, which indicates
that the sample could be overcorrected after the application of FLUO. The overcorrection may
be the result of a mismatch between the given composition and the measured compound, al-
though this may not necessarily be the case (Ravel and Newville, 2005). However, since the
cause of the large correction could not be retrieved in this case, the sample was removed from
sample set.

3.2.3 X-ray Absorption Fine Structures

XAFS are modulations that arise when an X-ray photon excites a core electron in an atom.
These modulations are a fingerprint of the type of dust and can therefore be used to discrim-
inate between different types of dust in the ISM. XAFS arise from the wave-like nature of
the photoelectric state. When a core electron is excited by an incoming X-ray with the right
energy, the ionized electron will then behave like a photoelectron. This can be interpreted as a
wave emanating from the site of the absorbing atom. Depending on the available energy, the
photoelectron can scatter around the neighboring atoms. Due to this interaction, the initial
wave is scattered and new waves emanate from the neighboring atoms. These waves are super-
imposed on the original wave creating interference. This subsequently changes the probability
of the photoelectric effect. We observe the constructive and deconstructive interference in the
edge as a function of energy, i.e. the XAFS. Depending on the elements and the position of
the neighboring atoms, the XAFS are modified in a unique way, reflecting the crystallinity
and chemical composition of the material.
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Figure 3.1: The Si K-edge of dust samples 1-14 (samples 1-5 are also shown in Chapter 2). The x-axis
shows the energy in Å and the y-axis shows the amount of absorption indicated by the cross-section (in
Mb per Si atom).
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The resulting absorption cross-sections can be found in Figure 3.1.We highlight the XAFS
in the left inset panel. Samples 2, 5, 7, 8, 10, 13 and 14 are amorphous. Since these amorphous
samples do not have a regular crystalline structure, they lose the distinct signature which is
present in their crystalline counterparts. This effect can be observed in Figure 3.1 between 6.67
and 6.70 Å. The XAFS of amorphous materials are very similar in shape, as can be observed
by comparing sample 7, 8 and 10 It is therefore difficult to distinguish an amorphous pyroxene
and an amorphous olivine. The differences between these edges will then also depend on slight
shifts in the ionisation energy and the peak intensity at this energy. This is shown by the inset
panel on the right of Figure 3.1. In the case of sample 12, 13 and 14 we can compare three
samples of which the composition is the same, but the crystallinity varies. It can be observed
that the resulting absorption cross-sections of quartz are very similar since the composition
does not change between the samples, but that the crystalline sample shows features between
6.67 and 6.70 Å. Distinct differences can be observed in the case of the crystalline pyroxene
of sample 7 and forsterite (sample 12) around 6.66 and 6.70 Å , illustrating the difference
between crystalline pyroxene-type silicates and crystalline olivine-type silicates. The effect of
the varying iron content of the samples is subtler and shows itself by shifts in the peak of the
XAFS (e.g. samples 9 and 11). Furthermore, the samples can also be characterized by the peak
strength of the edge between 6.71 and 6.72 Å and the energy position of this peak.

3.3 Extinction cross sections

The extinction cross-sections for each of the samples can be derived from the laboratory data.
In this section, we will give a summary of the methods that are used to derive the cross-
sections. For a full description about the calculation of the extinction cross-section we refer
to Chapter 2. From the laboratory data, we obtain the attenuation coefficient (α). The Beer-
Lambert law can be used to derive α:

T =
I
I0
= e−αx = e−x/l. (3.1)

Here T is the transmittance, which can be obtained by assuming an optically thin sample
thickness x and by using tabulated values of the mean free path l (e.g., the average distance
travelled by a photon before it is absorbed), provided by the Center for X-ray Optics (CXRO)
at Lawrence Berkeley National laboratory. The laboratory absorption edges were transformed
into transmission spectra and fitted to the transmittance T obtained from tabulated trans-
mission data, as well provided by CXRO. Consequently, from α the imaginary part of the
refractive index k can be derived, since the attenuation coefficient can be described as:

α =
4πk
λ
, (3.2)

where λ is the wavelength. The real part of the refractive index is then calculated by using a
numerical solution to the Kramers-Kronig relations (Bohren, 2010). The method used for this
calculation is the same as in Chapter 2, namely the fast Fourier transform routines (FFT) as
described in Bruzzoni et al. (2002). We use Mie theory (Mie, 1908) to calculate the extinction
efficiency at each wavelength and grain size. The grain size distribution used in this analysis is
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the MRN distribution, with a grain size range of 0.005− 0.25 µm. The grains are modelled as
solid spheres. The MIEV0 code (Wiscombe, 1980) was used to calculate the extinction effi-
ciency, which needs the optical constants, wavelength and grain size as input parameters. From
the obtained extinction efficiency we calculate the extinction cross-sections. These extinction
cross-section are implemented in the AMOL model of the fitting code SPEX (Kaastra et al.,
1996), where they are used for further analysis. Figure 3.15 shows the resulting extinction
profiles of each of the dust models. The absolute cross-section are available in tabular form1.

3.4 Data analysis of the LMXB

3.4.1 Source selection

We selected nine low mass X-ray binary sources for our analysis from the Chandra Transmis-
sion Gratings Catalog and Archive2. The selection depends on the brightness of the source
and the hydrogen column density NH towards the source. In order to have the best view of
the silicon K-edge, the column density of the source should be between 1022 and 1023 cm−2.
It is furthermore important that the source is bright in order to observe the edge with a high
signal to noise. The flux level needs to be > 0.5× 10−12 erg cm−2s−1 at energies between 0.5-2
keV. The source should preferably not strongly fluctuate in brightness, since this will affect
the quality of the edge in the spectrum. We therefore inspected the light curves for strong
dips in the brightness. We did not find this to be a problem in any of the selected sources.
Sources with the desired column density lie preferentially around the Galactic Center (GC)
area (Table 3.2).

Another more practical selection criterion is that the source has to be observed in TE
mode. The ACIS detectors on-board Chandra can operate in different observing modes,
namely continues clocking (CC) mode and timed exposure (TE) mode. The CC mode is
not suitable for measurements of the Si K-edge since the edge is filled by the bright scattering
halo radiation of the source. The edge has a different optical depth in comparison with the TE
mode and seems slightly smeared. The effect of the scattering halo is particularly evident in
the CC mode because the two arms of the mode are now compressed into one. An overview of
the sources that are used in this study is given in Table 3.2. Here we also indicate the OBSIDs
of the spectra of the sources, the distance and the Galactic coordinates.

3.4.2 Modeling procedure

After the selection of the sources as described in the previous section, we inspected the spectra
for pile-up. Pile-up occurs when two or more photons are detected as one single event and
therefore occurs often in the spectra of bright sources, such as the X-ray binaries used in this
work. Both gratings (HEG and MEG) are affected, but the effect is especially evident in the
MEG grating. The parts of the spectra of the MEG grating that were too affected by pile-
up were ignored. This was done in the case of all the X-ray binaries, but the ignored range
varies per source. This is described for each individual source in Appendix 3.A. Before we can

1www.sron.nl/~elisa/VIDI/
2http://tgcat.mit.edu/

www.sron.nl/~elisa/VIDI/
http://tgcat.mit.edu/
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Table 3.2: Sources

Name obsid(s) distance coordinates
kpc l (deg) b (deg)

GX 5-1 19449, 20119 9.21 5.08 -1.02
GX 13+1 11814, 11815, 11816, 11817 7 ± 12 13.52 +0.11
GX 340+00 1921, 18085,19450,20099 11 ± 0.33 339.59 -0.08
GX 17+2 11088 12.64 16.43 +1.28
4U 1705-44 5500,18086, 19451, 20082 7.6 ± 0.35 343.32 -2.34
4U 1630-47 13714, 13715, 13716, 13717 106 336.91 +0.25
4U 1728-34 2748 5.2 ± 0.57 354.30 -0.15
4U 1702-429 11045 78 343.89 -1.32
GRS 1758-258 2429, 2750 8.59 4.51 -1.36

All observations were done in TE mode. Christian and Swank (1997)1 Bandyopadhyay et al. (1999)2 Christian
and Swank (1997)3 Lin et al. (2012)4 Galloway et al. (2008)5 Parmar et al. (1986); Augusteijn et al. (2001)6 Galloway
et al. (2008)7 Oosterbroek et al. (1991)8 Keck et al. (2001)9

study the interstellar dust, we first have to model the underlying continuum of each source
and inspect the spectra for the presence of outflowing ionized gas and hot gas present along
the line of sight, as described in Sections 3.4.2.1 and 3.4.2.2.

3.4.2.1 Continuum and neutral absorption

The underlying continuum of each source is fitted using the spectral analysis code SPEX.
We tested several additive SPEX models in our analysis, namely blackbody, disk-blackbody,
power law and Comptonisation models. The X-ray radiation from the source is then absorbed
by a neutral absorber. This model is represented by the multiplicative HOT model in SPEX.
In order to mimic a neutral cold gas, the temperature of this gas is frozen to a value of kT =
5× 10−4 keV. After obtaining a best fit for the continuum with absorption of neutral cold gas
we are able to determine the column density of hydrogen toward the source.

We will use GX 5-1 as an example to explain our method of fitting the sources. The
results of the best fits of the other X-rays binaries and the details of the fitting method used
in each case can be found in Appendix 3.A. Two spectra were used in the fit of GX 5-1, with
obsids 19449 and 20119. These observations have an excellent signal-to-noise ratio, in the
case of obsid 19449 this is around the Si K-edge S/N ≈ 100 per bin and for obsid 20119
S/N ≈ 60 per bin. The MEG grating shows signs of pile up in both data sets above an energy
of 2.5 keV and the data was therefore ignored above this value of the energy. Since the Silicon
K-edge starts around 1.84 keV the MEG data is included in the analysis of the edge. This
is the case for every X-ray binary in our analysis. We used a Comptonisation model and a
disk-blackbody model to describe the underlying continuum of GX 5-1. We found a column
density of 5.8 ± 0.2 × 1022cm−2. The broadband fit of GX 5-1 is shown in Figure 3.2. For
clarity, the data displayed in this figure belongs to obsid 19449, since this dataset dominates
the fitting of the spectrum due to its superior quality. The fit already includes the dust model
of which the details are described in Section 3.4.2.3. The parameter values of the best fit of
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Figure 3.2:Broad band fit of GX 5-1 with the data of obsid 19449 with the disk blackbody model indi-
cated by the blue line and the green line indicates the Comptonisation model. The red line shows the
total fit. The AMOL dust models are included in the fit.
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Figure 3.3: Fit of the Si K-edge of X-ray binary GX 5-1. The best fitting dust mixture is shown by the
yellow line (amorphous olivine, sample 8) and the grey line (crystalline olivine dust, sample 1). The cold
gas contribution is shown by the blue line and the total, cold gas and dust, by the red line.

GX 5-1 can be found in Table 3.5. Errors given on parameters are 1 sigma errors, which is
the case for all errors shown in this analysis.

3.4.2.2 Hot ionized gas on the line of sight in the Si K-edge region?

We tested whether there was hot gas along the line of sight towards the sources (fitted in the
spectra using again the HOT model, which has a tuneable temperature), as well as outflowing
ionized gas related to the source (fitted in the spectra using the XABS model of SPEX). If
absorption lines of this gas appear near the edge, it is important to take these lines into account
for accurate modeling.

We found outflowing gas from the source in two cases, namely for GX 13+1 and 4U
1630-47. These sources show strong absorption lines in their spectra. In the case of GX 13+1,
a second, but non-outflowing, ionized gas component was also found (Table 3.7).

Collisionally ionized hot absorbing gas in the ISM is thought to have temperatures be-
tween ∼ 106 − 107 K (Yao and Wang, 2007; Wang, 2009; Wang et al., 2013). For GRS
1758-258, GX 17+2 and 4U 1705-44 a hot component was found with temperatures within
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the range mentioned, namely 1.5+0.6
−0.3 × 107 K , 1.6 ± 0.2 × 106 K and 2.1+0.9

−0.6 × 106 K, respec-
tively. The hydrogen column density of the gas is for all sources of the order of 1020 cm−2,
(Table 3.9), which is in correspondence with the typical expected hydrogen column densities
of such a gas (Yao and Wang, 2005; Yao et al., 2006; Yao and Wang, 2007). We did not find
evidence for outflowing ionized gas along the line of sight of GX 5-1 and neither did we
find any contribution of hot gas. This is also the case for 4U 1702-429, 4U 1728-34 and GX
340+00. The values of the parameters of the HOT and the XABS model can be found in the
tables with the best fits of the sources in Appendix 3.A.

3.4.2.3 Dust Mixtures and the SPEX AMOL model

After obtaining the underlying continuum and the column density of hydrogen towards the
source, we proceed by adding the dust model to the fit. We also take into account the presence
of hot and outflowing ionized gas along the line of sight as mentioned in Section 3.4.3. The
AMOL routine in SPEX is used to fit the dust models to the data. AMOL can fit four
dust models simultaneously. We want to test all possible unique combinations of the 14 dust
models. To execute these fits, we follow the method of Costantini et al. (2012), namely the
total number of fits (n) is given by n = ndust!/(4!(ndust − 4)!) and where ndust is the number of
available dust models and 4 is the number of models that can be tested in the same run. This
results in 1001 possible unique combinations to fit the 14 dust models.

From all these combinations, we can select the best fitting mixture. Of each possible dust
mixture, we determined the reduced C2 values. All the fits in this chapter generated by SPEX
are using C-statistics (Cash, 1979) as an alternative to χ2-statistics. C-statistics may be used
regardless of the number of counts per bin, therefore we can use bins with a low count rate in
the spectral fitting. The best fit is given by the lowest reduced C2 value (Kaastra, 2017). As an
example, we show the resulting best fit ofGX5-1 in Figure 3.3.Here we show the contribution
of cold gas, and the two best fitting dust samples in the mixture: sample 1 crystalline olivine
contributing 11% and sample 7 amorphous olivine contributing 89% to the total column
density of silicon in dust. The other two samples in the mix do not contribute significantly.
The best fits of the sources in our sample are described in Section 3.5.

In Figure 3.4 the best fitting dust mixtures of all nine X-ray binaries considered here
are indicated by the green bars. On the x-axis we show the numbers belonging to each dust
sample, which can be retrieved from Table 3.1. The y-axis indicates the relative contribution
of each of the dust sample in the fit with respect to the dust column density of silicon. The
best fits represent one of the 1001 possible dust mixtures per source and it is useful to take the
performance of the other dust mixtures into account before discussing the results. Therefore,
an insightful way to study whether a certain dust mixture fits the edge well, is by showing how
much a dust mixture deviates from the best fitting mixture. Each dust mixture is represented
in Figure 3.4 by four colored filled circles, i.e. the number of dust samples per fit. The position
of the filled circles on the y axis shows the contribution of the dust sample to the fit. For each
of the 1001 dust mixtures a set of four filled circles is plotted. The colors of the filled circles
correspond with the one, two and three sigma deviations from the best fit, as shown in the
legend of Figure 3.4.

In the ideal case, the dust samples that correspond with the best fit, will also be represented
in the results of similar dust mixtures. In the case of GX 5-1 for instance, the best fit consists
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Table 3.3:Abundances and depletions of Silicon

Source N tot
Si depletion ASi Adust

Si ASi/A⊙
(1018 cm−2) (10−5 H atom−1) (10−5 H atom−1)

GX 5-1 1.7 ± 0.2 0.89 ± 0.05 2.9 ± 0.2 2.5 ± 0.2 0.8+0.2
−0.1

GX 13+1 1.4 ± 0.2 0.94 ± 0.02 4.6 ± 0.7 4.4 ± 0.7 1.2 ± 0.2
GX 340+00 2.9 ± 0.6 0.77 ± 0.10 4.5 ± 0.9 3.6 ± 0.9 1.2+0.2

−0.3
GX 17+2 1.1 ± 0.2 0.95 ± 0.03 5.2 ± 0.4 5.1 ± 0.4 1.3 ± 0.1
4U 1705-44 0.9 ± 0.2 0.91 ± 0.05 4.3 ± 1.1 4.0 ± 1.1 1.1 ± 0.3
4U 1630-47 4.8 ± 1.3 0.76+0.23

−0.28 4.9 ± 1.3 4.5 ± 1.3 1.3 ± 0.4
4U 1728-34 1.4 ± 0.4 0.95+0.02

−0.10 4.1 ± 1.4 3.9 ± 1.4 1.1 ± 0.4
4U 1702-429 0.7 ± 0.3 0.93 ± 0.15 3.2 ± 1.5 3.0 ± 1.5 0.8 ± 0.4
GRS 1758-258 1.0 ± 0.4 0.75 ± 0.2 3.9 ± 1.5 2.9 ± 1.5 1.0 ± 0.4
average 1.8 ± 0.2 0.87 ± 0.04 4.0 ± 0.4 3.8 ± 0.4 1.1 ± 0.1

Abundances are indicated by ASi. Solar abundances are taken from Lodders and Palme (2009). Ntot
Si indicates

the total column density of silicon (gas and dust).

of two dust samples, leaving two options open, which in the case of the best fit does not
contribute significantly. This means that out of the 1001 possibilities, there are 91 similar
mixtures as can be seen in Figure 3.4 by the dominant selection of samples 1 and 7. In the
case that the best fit is unique we expect a clustering of the similar mixtures around the best
fit. This effect can be observed in the frame of GX 13+1 in Figure 3.4 for sample 7 and in
lesser degree in GX 5-1 for sample 1 and 7.

If the data are of good quality (i.e. high signal to noise), which is the case for six out of
the nine X-ray binaries, it becomes possible to observe a preference in the fits for certain dust
samples. This is especially evident in GX 5-1, GX 17+2 and GX 13+1. When the quality of
the data declines, it allows almost every type of dust to be fitted equally well. This effect can
be observed in the observations of 4U 1702-49, GRS 1758-258 and 4U 1728-34. Therefore,
we will not use these sources in the discussion of the dust composition. The implications of
Figure 3.4 will be discussed in Section 3.5.1.

3.4.3 Silicon abundances and depletion

The silicon K-edge allows the possibility of evaluating silicon in both gas and dust simultane-
ously. Consequently, this allows a study of the abundance and depletion of silicon on the nine
different lines of sight towards the X-ray binaries. Table 3.3 gives the silicon column density
(N tot), depletion, total silicon abundance (ASi), abundance of silicon in dust (Adust

Si ). Finally,
ASi/A⊙ shows the deviation from the solar abundance of silicon. The allowed depletion ranges
used in the fits are based upon values from Jenkins (2009). The ranges of are given in Ta-
ble 3.4. Since we fit only one edge using dust models, we need to constrain the other elements
within reasonable boundaries. For the edges, for which we do not have dust features, we use
gas absorption-like profiles in the SPEX model.
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Table 3.4:Depletion ranges used in the spectral fitting

Element depletion range
Silicon 0.41 − 0.96
Iron 0.7 − 0.97
Magnesium 0.47 − 0.95
Oxygen 0.02 − 0.42

Depletion ranges in this table are based on depletion values from Jenkins (2009).

3.5 Discussion

3.5.1 Dust composition toward the Galactic Center

The results of the fits of the nine X-ray binaries are summarized in Figure 3.4. Since this figure
contains information about the crystallinity, the mineralogy, and the ratio between iron and
magnesium, we discuss each of the properties of the dust separately. We will also put emphasis
on the results of the fits of GX 5-1, GX 13+1 and GX 17+2, since for these sources the quality
of the data in terms of signal-to-noise around the Si K-edge is the best with respect to the
other sources.

3.5.1.1 Crystallinity

From the fits of all the X-ray binaries we observe that crystalline dust models can be fitted
to the Si K-edge. We calculate the ratio of crystalline versus amorphous dust (ζ1). The ratio
here is defined as: ζ1 =crystalline dust/(crystalline dust + amorphous dust). Examining the
best fitting dust mixture of GX 5-1, we find a value of: ζ1 = 0.12 and when considering the
errors we find an upper limit of on the crystallinity of ζ1 < 0.29. GX 13+1 can be analysed
in the same way. The obtained ratio of ζ1 is here:ζ1 = 0.07 and an upper limit of ζ1 < 0.35.
For GX 17+2 we find the lowest crystallinity: ζ1 = 0.04 and an upper limit of ζ1 < 0.17. The
other sources in the analysis - focussing on 4U 1630-47, GX 340+00 and 4U 1705-44 - show
a similar result, although the errors on the dust measurements increase because of the data
quality.

As seen above, despite the errors the X-ray binaries with the best signal to noise are best
fitted by a mixture of mainly amorphous dust and a contribution of crystalline dust which
varies between ζ1 = 0.04 − 0.12. These amounts of crystalline dust are large in comparison
with results from the infrared (Section 3.1). An explanation may be found in that we are
observing special lines of sight with freshly produced crystalline dust grains that have not
fully been amorphized by the processes in the ISM. This result may be in line with the results
from the Stardust mission (Westphal et al., 2014), where some of the interstellar silicate dust
particles were detected with a crystalline core. However, it is unclear why the X-ray lines
of sight towards the central Galactic environment would systematically sample a different
environment than the infrared lines of sight.

An alternative explanation for this apparent discrepancy can be found in the different
methods used to study the silicate dust. XAFS, especially the features close to the edge, are
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sensitive to short range order, whereas, in the infrared, observation are focussed on long range
disorder in the dust particles.

There aremultiple processes to form crystalline and amorphous dust (e.g., Dorschner et al.,
1995; Jäger et al., 2003; Speck et al., 2011). The different techniques used in the laboratory
to synthesize amorphous dust show that some of these samples are glassy, others are porous
and some samples are not homogeneously amorphous, but show the onsets of crystallisation.
All of these samples produce amorphous infrared dust features, albeit with differences in the
peak postion of the 10 and 18 µm features (Speck et al., 2011). Furthermore, a polycrystalline
material can also smear the dust features (Marra et al., 2011) in the infrared and we may thus
not perceive sharp crystalline features in the spectrum (Speck et al., 2011). However, the short
range crystalline structure between the atoms in a polycrystal are still intact and XAFS may
appear in the spectrum. Specifically, even if the material becomes slightly amorphous or glassy,
XAFS may still appear in the X-ray spectrum, but are less pronounced and tend to shift with
energy when the material becomes more and more disordered (Mastelaro and Zanotto, 2018).
Therefore, what may be perceived as amorphous dust in the infrared, can still be observed
as crystalline dust in the X-rays. More laboratory research is necessary to make a complete
comparison between the crystalline and amorphous dust characteristics in the infrared and
the X-rays. On the other hand, high quality astronomical spectra are necessary to put firmer
limits on the amount of crystalline dust observed in the spectra of X-ray binaries.

3.5.1.2 Iron in silicates

Our sample set contains olivines and pyroxenes with different iron and magnesium content.
Already from the laboratory data it can be observed that the influence of a changing iron
content of the dust invokes only small differences in the XAFS (Figure 3.1). Small shifts in
the peaks can be observed in the laboratory data, but in view of the resolution of the Chandra
spectra, these subtle changes will not be detected in the spectra. We note that the samples 2, 3,
4, 5 and 6 almost never contribute to the best fit. What these samples have in common is that
all of them are iron-poor pyroxenes. Therefore, the reason that these samples do not fit the
edge is twofold and the structure of the dust is of greater influence here than the iron content,
since the structural differences in the crystal-types can be distinguished in the models. Iron is
highly depleted in the ISM and is expected to reside in dust particles. Silicates may provide
a possibility to store some of the iron in dust. However, even if our fits prefer slightly more
iron-rich silicates, not all the iron that should be present in the ISM is accounted for. The
missing iron can be present in other forms of dust. A possibility could be that iron is included
in metallic form in GEMS (Bradley, 1994) or in iron nanoparticles (Bilalbegović et al., 2017).
Our sample set currently contains pyroxene samples with a ratio of Mg/(Fe+Mg)=0.6. This is
very similar to e.g. Kemper et al. (2004) (Mg/(Fe+Mg)=0.5). Previous studies do not show a
strong evidence that this ratio should be much lower. Further constraints on the iron content
would be provided by a multiple-edge fitting. The magnesium K-edge and the iron K-edge
will give a direct impression of magnesium and iron in dust. Depending on the brightness
of the source, the column density along the line of sight and the telescope and instruments
that are used, it is possible to observe these edges. In the case of the Fe K-edge, the current
instruments are not sensitive enough around the edge to detect the XAFS, but the future
observatory, Athena, will be able to observe the Fe K-edge in detail (Rogantini et al., 2018).
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3.5.1.3 Olivines, pyroxenes and oxides

Where the difference between iron rich and iron-poor dust models in the laboratory data is
subtle, the difference between olivines, pyroxenes and quartz types in crystalline form is strik-
ing. This means that it is easier to identify differences in the mineralogy. In general, we observe
that in almost all of the X-ray binaries, the best fitting dust mixture includes an olivine dust
type (whether amorphous or crystalline), but not all the data have similar signal to noise. The
three X-ray binaries with the best signal-to-noise, namely GX 5-1, GX 17+2 and GX 13+1,
show both in the best fit as in the fits within 1 sigma a preference for amorphous olivine. The
ratio of olivine to pyroxene can be expressed as ζ2 =olivine/(pyroxene+olivine). For GX 5-1,
GX 17+2 and GX 13+1 ζ2 = 1 in case of the best fits. However, within 1 sigma from the best
fitting dust mixtures, it is possible to obtain lower values of ζ2 with a minimum of ζ2 = 0.8,
meaning that we can obtain a good fit with a maximum of 20% pyroxene in the dust mix.

Thus, in the central Galactic environment we do not find much variation in the best fitting
dust mixture. We compare this result with studies of silicates in the infrared. By analyzing the
10 µm silicate feature, Kemper et al. (2004) also find that olivine glasses account for most
of the silicate mass in the diffuse ISM along the line of sight toward the GC. However, in
the infrared, variations in the stoichiometry of the dust have been found along different lines
of sight. Fitting both the 10 µm and 18 µm silicate features of Wolf-Rayet stars representing
both the local ISM and the GC, Chiar and Tielens (2006) find that a mix of olivine and
pyroxene silicates produce a good match to their data, and that a greater contribution by
mass of pyroxene dust is required. Observing the same line of sight as Kemper et al. (2004),
Min et al. (2007) find a stoichiometry of the silicate dust that lies in between that of olivine
and pyroxene. In future X-ray studies, it is therefore interesting to investigate samples with a
stoichiometry in between that of olivine and pyroxene.

The role of SiO2 dust in the ISM is not well known. This type of dust may form in the ISM
and may be present in the form of SiO2 nanoparticles, although there is limited insight of how
these dust particles may form and they have not been detected in the ISM (Li and Draine,
2002; Krasnokutski et al., 2014). The presence of SiO2 may be supportive of the formation of
grains in the interstellar medium (Krasnokutski et al., 2014, and references therein). The three
SiO2 samples in our sample set, can be fitted within one sigma of the best fit, most notably
in 4U 1630-47. Considering the overall contribution of SiO2 in the fits of GX 13+1, GX 5-1
and GX 17+2, we do not find evidence for SiO2 to be dominant component in interstellar
dust.

3.5.2 Silicon abundances and depletion

The results from Table 3.3 allow us to study the dense environment in the Galactic plane and
in the vicinity of the GC. The abundance of silicon can be derived from infrared data, using
observations of the 10 and 18 µm features (Aitken and Roche, 1984; Roche and Aitken, 1985;
Tielens et al., 1996). In the local solar environment the silicon abundance in dust can be de-
rived to be 5.2 ± 1.8 × 10−5 per H-atom, using data from Roche and Aitken (1984); Tielens
et al. (1996) who observed nearby Wolf-Rayet stars. On sight lines toward the GC the abun-
dance of silicon in dust is often found to be lower, namely 3.0±1.8×10−5 per H-atom (Roche
and Aitken, 1985). This discrepancy may be caused by the presence of large particles (> 3 µm)
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near the GC. The results of the dust abundance near the GC are also more uncertain, since
these infrared silicon abundances depend on an estimate of the visual extinction (AV ) derived
from NH/AV ratio of the local solar neighborhood (Bohlin et al., 1978) and this method may
be more uncertain toward the GC (Tielens et al., 1996). On average our results of the silicate
dust abundance, 4.2±0.4×10−5 per H-atom, fall in between the abundances found by Roche
and Aitken (1985) to the GC and Roche and Aitken (1984); Tielens et al. (1996) in the local
solar environment, but individual lines of sight deviate significantly from the average. We did
not find a relation between the silicon dust abundance and the distance of the source from
the GC (RGC), also called Galactocentric radius. There appears also to be no obvious relations
between the abundance of silicon and the distance from the plane of the Galaxy, but this can
be attributed to the vicinity of all our sources to the plane.

Besides the abundance of silicon in dust, we can also investigate the total abundance of
silicon along the nine lines of sight toward the X-ray binaries. For elements such as Fe, Mg,
O and Si, an increase in the abundance toward the GC is observed (Pedicelli et al., 2009;
Rolleston et al., 2000; Davies et al., 2009).The vicinity of the X-ray binaries to theGC gives us
a unique opportunity to study the behaviour of this gradient in the inner region of the Galaxy,
from around 0.9 kpc from the center of the Galaxy. Rolleston et al. (2000) found a Galactic
abundance gradient of silicon of −0.06 ± 0.01 dex/kpc for Galactocentric radii RGC > 6 kpc.
For Galactocentric radii RGC < 6 kpc there is no clear gradient was found, as was shown
by Davies et al. (2009). They find a gradient for the azimuthal abundance of −0.8±0.1 dex/kpc
for silicon, but the observations have a large scatter. Of course the area of the Galactic bulge
provides a different environment from the surrounding Galactic disk. Using Figure 3.5 we can
investigate a possible gradient of abundances toward the Galactic plane. Here we show the
total abundance of silicon versus RGC. The abundances obtained from the X-ray binaries are
shown in black. The other data points are abundances of silicon of a sample of B-type stars (in
purple) from Rolleston et al. (2000) and abundances derived from observations of cepheids (in
light blue) from Andrievsky et al. (2002) for comparison. The star symbol at 8.5 kpc indicates
the position of the sun and the two yellow bands show the environments of the Galactic bulge
and the Galactic molecular ring. The dashed-dotted line shows the solar abundance of silicon.
We find a gradient of 0.06 ± 0.01 dex/kpc for the abundances derived from the X-ray binary
observations. The gradient is indicated by the dashed line. Instead of the increase of the silicon
abundance observed at radii larger than 6 kpc from the center, we observe a slight decrease.
We note that the error on this gradient is large and that it can be observed from Figure 3.5
that all the abundances are close to solar. If this decrease is real, it might be caused by an
increase of the typical grain size of the silicate grains in the Galactic central area to which the
X-rays are not sensitive. In that case the X-rays are a probe for the volume of large grains.
This is supported by the observation of a scattering feature just before the edge indicating the
possible presence of large grains as described in Chapter 2. However, we also note here, that
the error on the distance should also be taken into account before a firm conclusion about
the gradient can be made. Furthermore, the errors on the abundance measurements can be
reduced by more and longer observations of the sources. In the case of GX 13+1 the errors are
already small due to the number of observations we included in the fit and therefore serves as
a good example to show the benefit of new observations. All these elements considered, we
can conclude that the increase of abundance of silicon at Galactocentric radii > 6 kpc is not
observed in the inner part of the Galaxy.
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Figure 3.5: The total silicon abundanceexpressed in logarithmic units, with hydrogen by definition 12.0
versus the Galactocentric distance in kpc. The star symbol indicates the position of of the Sun and the
two yellow bands indicate the position of the Galactic bulge and the molecular ring. The dashed-dotted
line indicates the solar abundance and the dashed line the gradient in the abunances obtained from the
X-ray nine binaries.
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Figure 3.6:Depletion versus visual extinction (AV ).

The depletion of elements such as Fe, Mg, O and Si in to dust shows a correlation with
the extinction along the line of sight (Jenkins, 2009; Voshchinnikov and Henning, 2010).
Where Voshchinnikov and Henning (2010) probe the depletion up to a distance of 7 kpc
from the Sun, we are able to observe the depletion of silicon at larger distances and in the less
well explored environment of the Galactic central region. Furthermore, we are able to observe
both gas and dust simultaneously and in this way we obtain a direct measure of the depletion.
Assuming the relation for visual extinction NH/AV = 1.9 × 1021cm−2mag−1 (Bohlin et al.,
1978), is still valid in the dense environment of the central part of the Galaxy, we obtain the
result of the depletions versus the extinction, AV , shown in Figure 3.6. Not all of the X-ray
binaries follow the average extinction of 2 mag/kpc. Four lines of sight that have extinctions
higher than 3 mag/kpc. We do not observe a clear trend in the data. This lack of correlation
can be explained by the environment in which the X-ray binaries reside. The central part of
the Galaxy has a complex structure as we already noted earlier in this section. All the X-ray
binaries are located in this area, so we may be observing local variations in the ISM.

3.6 Summary and Conclusion

In this chapter, we fitted the Si edge of of the absorbed spectra along 9 different lines of sight.
We used a total of 14 new dust extinction profiles, representing to a good degree the silicate
content of the ID. We measured the absorption profiles of these 14 interstellar dust analogues
at the Soleil synchrotron facility in Paris. The laboratory absorption measurements were con-
verted into extinction cross-section in order to obtain models for suitable for interstellar dust
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studies. We obtained the following results:
• We find that most lines of sight can be well fitted by amorphous olivine. The contribu-

tion of crystalline dust to the fits is larger than found in the infrared. For the sources
with the best signal-to-noise (i.e. GX 5-1, GX 13+1 and GX 17+2), we find values of
the crystallinity range between ζ1 = 0.04− 0.12, with upper limits on these values of ζ1
ranging between 0.17 and 0.35. A possible explanation may lie in the nature of X-rays,
which is such that it facilitates to study the short-range order between the atoms, con-
trary to the long-range disorder in the infrared. In this way, we may observe crystallinity
in polycrystalline and partly glassy material. More high quality observations will allow
us to put further constraints on this parameter.

• Iron-poor pyroxenes are not preferred in the fits. It is however difficult to put a precise
limit on the amount of iron in silicates, since the Si K-edge is not very sensitive to
changes in the iron content. In order to investigate the contribution of iron in silicates
we need to involve the Fe K-edge. Observations of the Fe K-edge in X-ray binaries will
be possible with the future Athena observatory. Future studies may therefore benefit
from additional iron rich pyroxene dust in the sample set.

• In almost all of the X-ray binaries, the dust mixture best fitting the Si K-edge includes
an olivine dust type.

• For the first time, we study the GC environment in the X-rays using the Si K-edge in
the spectra of X-ray binaries located in this environment. From the fits, we obtained the
total abundance of silicon, the dust abundance and the depletion.We investigated trends
for the total abundance versus the Galactocentric distance. Here we observe the local
variations in the complex environment of the GC. In the case of the total abundance
versus the Galactocentric distance we find a gradient of 0.06±0.01 dex/kpc. We observe
a decrease of the silicon abundance toward the GC. This may be caused by silicon atoms
locked up in large (> 3 µm) dust particles in these dense environments.
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3.A Data tables LMXBs

We give a detailed overview of the data obtained from the best fits of X-ray binaries GX 5-1,
4U 1630-47, GX 13+1, 4U 1702-429, 4U 1728-34, GX 340+00, GRS 1758-258, GX 17+2
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and 4U 1705-44. In the tables of this section we give the parameters values corresponding
to the best fits of each of the sources. The best fits of each of these sources are shown in the
corresponding figures.
GX5-1:The fitting ofGX 5-1 is explained in Section 3.4.2 for illustration.We found a column
density of 5.8 ± 0.2 × 1022cm−2. This value can be compared to previous studies: the column
density of GX 5-1 was measured by Predehl and Schmitt (1995) to range between 2.78 and
3.48×1022 cm−2 depending on the continuum model. More recent values of the column den-
sity are 2.8× 1022 cm−2 with Chandra data by Ueda et al. (2005) and 3.07± 0.04× 1022 cm−2

by Asai et al. (2000, using ASCA archival data). In Chapter 2 we made use of the short, 0.24
ks, observation of obsid 716 in order to minimalize the effect of pile up on the estimate of
the column density. This resulted in a column density of 3.4 ± 0.1 × 1022 cm−2. These values
are lower than the one we find for the spectra used in this study. However, there is a con-
siderable time difference between the observation used in this analysis ( July 2017) and the
previous observation in TE mode by Chandra ( July 2000). From the observation listed above,
we already note that the observed column density of the source can vary. This variation may be
associated to changes over time intrinsic to the source. Such differences in the column density
can for instance be observed as well in EXO 0748-676 (van Peet et al., 2009). Furthermore,
GX 5-1 deviates from the linear relation between the scattering optical depth and the column
density (see Figure 7 of Predehl and Schmitt, 1995). In the case that the interstellar medium
is solely responsible for the total amount of absorption, a lower column density is expected
for GX 5-1 with respect to the observed scattering optical depth. Since NH is observed to be
larger, the increase can be associated with the source.
4U 1630-47: There are four data sets used in the fitting of the 4U 1630-47 (Table 3.6, Fig-
ure 3.7). The source continuum of the source is modelled using two black body models. All
observations show outflowing gas, which is modelled by the XABS model. The ionization
parameter ξ in the XABS model is defined as ξ = L/nr2, where L is the ionizing lumi-
nosity, n the gas density and r the distance of the gas from the source. We find a column
density of NH = 9.7 ± 0.1 × 1022cm−2, making it the densest line of sight in our study. This
value is in agreement with i.a., Neilsen et al. (2014), who find a best-fit column density of
NH = 9.4+0.5

−1.1 × 1022cm−2

GX 13+1: The continuum of GX 13+1 is fitted with a disk blackbody and Comptonisation
model (Table 3.7, Figure 3.8). All the observations have a XABS component, in order to
model outflowing gas from the source. In the case of the observation with obsid 11814, a
second XABS model is introduced in order to fit the non outflowing ionized gas along the
line of sight. The column density of GX 13+1 is in agreement with values found by Pintore
et al. (2014) and D’Aì et al. (2014).

4U 1702-429: This X-ray binary was modelled using a disk blackbody and a Comptoni-
sation model, resulting in a value of NH 2.3± 0.2× 1022cm−2, similar to results found by Iaria
et al. (2016) (Table 3.8, Figure 3.9).
4U 1728-34: In the case of 4U 1728-34 the continuum was as well modelled by using a disk
blackbody and a Comptonisation model (Table 3.8, Figure 3.10). This source is a bursting low
mass X-ray binary, and two bursts occur in the spectrum of obsid 2748. These bursts do not
affect the modeling of the Si K-edge. The NH is in agreement with values found by Di Salvo
et al. (2000a) of 3.1 ± 0.1 × 1022cm−2, using a similar modeling and data from the BeppoSAX
satellite, which covers a wide energy range of 0.12-100 keV, making it especially suitable for
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Table 3.5: Best fit parameters for GX 5-1

Obsid 13714 13715
Ncold

H (1022 cm−2) 5.8 ± 0.2
kBTbb (keV) 0.31 ± 0.01 0.33 ± 0.01
kBT0 comt (keV) 0.30 ± 0.03 0.30 ± 0.03
kBT1 comt (keV) 28 ± 9 23+12

−6
τcomt (keV) 1.0+0.2

−0.7 1.2 ± 0.6
F0.5−2 keV (10−10 erg cm−2s−1) 3.8 ± 0.4 3.6 ± 0.4
F2−10 keV (10−8 erg cm−2s−1) 1.8 ± 0.2 1.7 ± 0.2
C2/ν 2026/1603

This fit was produced using the following SPEX models: a blackbody model, a Comptonisation model, the
AMOL model, cold gas model (HOT with kBT = 5 × 10−4) and XABS.

hydrogen column density measurements.
GX 340+00: is well fitted by a powerlaw model in combination with a blackbody model. We
added a Gaussian model in order to fit the iron Kα emission-line feature around 6.4 keV. The
obtained column density of hydrogen is: 6.6 ± 0.2 × 1022 cm−2. This value is similar to results
from Seifina et al. (2013), who make use of data from BeppoSAX and RXTE and find values
of ∼ 5.5−6.5×1022 cm−2 for several models. It is below values found by (Cackett et al., 2010)
of 0.9 − 1.1 × 1023 cm−2 using XMM-Newton data.

GRS 1758-258: The continuum of GRS 1758-258 is best fitted by a blackbody and a steep
power law function (Smith et al., 2001) (Table 3.9, Figure 3.12).
GX 17+2: The continuum of GX 17+2 modelled using a blackbody model in combination
with powerlaw function (Table 3.9, Figure 3.13). The column density is estimated by Cackett
et al. (2009) to lie between 3.12 ± 0.05 and 4.63 ± 0.08 × 1022 cm−2, using Chandra data.
This column density is higher than the value found in our analysis of 2.0 ± 0.1 × 1022 cm−2.
However, our analysis is in agreement with the analysis of Di Salvo et al. (2000b), who use
data from BeppoSAX.
4U 1705-44: The continuum of 4U 1705-44 is also modelled using a blackbody model in com-
bination with powerlaw function (Table 3.9, Figure 3.14). The column density is in agreement
with data from BeppoSAX (Piraino et al., 2016, model 2).

3.B Si K-edge models

Figure 3.15 shows the extinction profiles around the Si K-edge for the compounds 1 to 14,
see Table 3.1. All the profiles are implemented in the AMOL model of the spectral fitting
code SPEX. The absolute cross-sections of the models used in this analysis are available in
tabular form on the following website: www.sron.nl/~elisa/VIDI/. Furthermore, we show
the laboratory edges from Figure 3.1 in individual panels for comparison in Figure 3.16.

www.sron.nl/~elisa/VIDI/
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Figure 3.7: Si K-edge of 4U 1630-47.

Table 3.6: Best fit parameters for 4U 1630-47

Obsid 13714 13715 13716 13717
Ncold

H (1022 cm−2) 9.7 ± 0.1
kBTbb1 (keV) 0.62 ± 0.01 0.62 ± 0.01 0.60 ± 0.01 0.63 ± 0.01
kBTbb2 (keV) 1.2 ± 0.3 1.2 ± 0.4 1.2 ± 0.4 1.2 ± 0.5
Nxabs

H (1022cm−2) 9.2 ± 0.2
log ξxabs (erg cm s−1) 4.1 ± 0.2
zvxabs

out (102 kms−1) −1.0+1.3
−1.0

Nxabs2
H (1022cm−2) 9.0 ± 0.2

log ξxabs2 (erg cm s−1) 4.3 ± 0.1
zvxabs2

out (102 kms−1) −7.8 ± 0.3
F0.5−2 keV (10−12 erg cm−2s−1) 8.2 ± 2 8.2 ± 2.0 7.8 ± 1.9 8.0 ± 1.8
F2−10 keV (10−9 erg cm−2s−1) 4.1 ± 0.9 4.0 ± 0.9 3.8 ± 0.8 4.4 ± 0.9
C2/ν 5258/4028

This fit was produced using the following SPEX models: two blackbody models, the AMOL model, cold gas
model (HOT with kBT = 5×10−4) and two XABS models. Both XABS models are coupled to the four observations,
since these observations were performed in succession.
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Figure 3.8: Si K-edge GX 13+1.

Table 3.7: Best fit parameters for GX 13+1

Obsid 11814 11815 11816 11817
Ncold

H (1022cm−2) 3.1 ± 0.1
kBTdbb (keV) 0.72 ± 0.18 0.99 ± 0.06 0.87 ± 0.25 0.32 ± 0.14
kBT0 comt (keV) 0.70 ± 0.03 0.79 ± 0.03 0.80 ± 0.06 0.70 ± 0.02
kBT1 comt (keV) 12 ± 3 11 ± 2 12+8

−3 11 ± 1
τcomt (keV) 1.4 ± 0.2 0.54 ± 0.09 0.20+0.30

−0.19 1.9+0.4
−0.6

Nxabs1
H (1023 cm−2) 1.1 ± 0.1 1.8 ± 0.1 4.1 ± 0.1 3.2 ± 0.1

log ξxabs1 4.3 ± 0.5 4.3 ± 0.3 4.3 ± 0.1 4.5 ± 0.1
zvxabs1

out (102 kms−1) −4.4+3.0
−5.3 −5.5+1.9

−1.5 −6.2+3.7
−2.1 −3.5 ± 1.4

Nxabs2
H (1021 cm−2) 1.1 ± 0.2 - - -

log ξxabs2 (erg cm s−1) 3.0 ± 0.1 - - -
zvxabs2 (102 kms−1) > −0.1 - - -
F0.5−2 keV (10−10 erg cm−2s−1) 1.4 ± 0.1 1.8 ± 0.2 1.8 ± 0.2 1.6 ± 0.2
F2−10 keV (10−9 erg cm−2s−1) 5.6 ± 0.6 6.6 ± 0.7 6.5 ± 0.7 6.8 ± 0.7
C2/ν 5910/4738

This fit was produced using the following SPEX model components: a disk blackbody, a Comptonisation model,
the AMOL model, cold gas model (i.e. HOT with kBT = 5 × 10−4) and two XABS models.
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Figure 3.9: Si K-edge 4U 1702-429.

Figure 3.10: Si K-edge 4U 1728-34.
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Figure 3.11: Si K-edge GX 340+00.

Figure 3.12: Si K-edge GRS 1758-258.
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Figure 3.13: Si K-edge GX 17+2.

Figure 3.14: Si K-edge 4U 1705-44.
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Figure 3.15:Transmission of the six dust extinction models (absorption and scattering) of the Si K-edge.
The silicon column density has been set here to 1018 cm−2 for all the dust models. Eachmodel is indicated
by a number which corresponds to the numbers in Table 3.1.
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Figure 3.16: The Si K-edge of dust samples 1-14, see Table 3.1. The x-axis shows the energy in Å and
the y-axis shows the amount of absorption indicated by the cross-section (in Mb per Si atom). The
samples are shown in different panels for easier comparison. The top left panel shows the difference
between amorphous and crystalline pyroxenes (i.e. samples 2, 3, 5 and 6). The top right panel shows
the difference between amorphous and crystalline enstatite (samples 4 and 10), including as well an
amorphous pyroxene. The bottom left panel focusses on the olivine dust samples and the bottom right
panel shows our three quartz samples.
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