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ABSTRACT

Context. The composition and properties of interstellar silicate dust are not well understood. In 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 composition along a given line of sight.
Aims. We present newly acquired laboratory measurements of the silicon K-edge of several silicate-compounds that complement our
measurements from our earlier pilot study. The resulting dust extinction profiles serve as templates for the interstellar extinction that
we observe. The extinction profiles were used to model the interstellar dust in the dense environments 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 program. 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. Most lines of sight can be fit well by amorphous olivine. We also established upper limits on the amount of crystalline
material that the modeling allows. 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 Galactocentric
distance. We do not find a relation between the depletion and the extinction along the line of sight.
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1. Introduction

Silicates are an important and abundant component of interstel-
lar dust (Tielens 2001). They are found at every evolutionary
stage in the life cycle of stars, such as interstellar clouds, the cir-
cumstellar environment of oxygen-rich asymptotic giant branch
(AGB) stars, and protostellar disks, and are also found in mete-

. orites, in comets, on Earth, and on other planets (Henning2010).

It is therefore crucial to understand the composition and prop-
erties of the silicate dust in order to make correct assumptions
about each of the many processes in the universe where dust
plays a role.

Observations of the gas abundances in interstellar environ-
ments 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 interstellar medium (ISM). However, certain elements are
depleted from the cold gas phase and are assumed reside 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 ele-
ments carbon, oxygen, silicon, iron, and magnesium are thought
to be depleted in dust (Jenking2009;|Savage & Sembach|1996).
These elements form the basic constituents of silicates, except
for carbon, which forms its own grain population of carbona-

ceous dust (Weingartner & 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
amounts of less abundant elements, such as calcium (Tielens
2001)). In addition, there may be oxides present (e.g., SiO, SiO,)
since they are observed in stellar spectra (Posch etal! [2002;
Henning et al/[1999), and silicon could also be present in small
amounts 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 absorption and emission features. In the
infrared, silicates are mainly observed by using the Si-O bend-
ing and stretching modes at 10 and 20 um. |Draine & Lee (1984)
used synthetic optical functions in combination with the obser-
vational opacities of the 9.7 um feature to derive an average com-
position of the silicate dust called astrosilicate, finding an olivine
type with a composition of Mg, ;Fe9SiOy; in this way the sil-
icate grains would incorporate 90%, 95%, 94%, and 16% of
the total Si, Mg, Fe, and O, respectively. Nonetheless, interstel-
lar silicates are expected to form a mixture of different silicate
types, including olivine, but also pyroxene, for example. Studies
by Kemper et all (2004), (Chiar & 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
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10 um feature, although they find varying amounts of olivine and
pyroxene, and varying ratios of iron to magnesium.

An important property of the dust is the crystallinity, which
can teach us about the formation history of the dust. How-
ever, the formation process of crystalline dust is not well un-
derstood (Speck et al.[2011)). We know from observations of cir-
cumstellar dust that evolved oxygen-rich AGB stars produce sil-
icate dust, and that up to about 15% of this dust is in crystalline
form. The dust is then subsequently injected in the ISM by stel-
lar winds (Sylvester et al.|1999; Kemper et all2004). Crystalline
dust is thought to be formed close to the star and is expected to
be mostly magnesium rich. Farther from the star the tempera-
tures are lower and the silicates do not get the opportunity to
crystallize (Molster et all 2002). However, this formation pro-
cess of crystalline dust is not certain. [Speck et all (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 pro-
pose that crystallization may happen when the dust encounters
the ISM. Farther away from dust forming stars, in the diffuse
ISM, the smooth nature of the ~ 10 um and ~ 20 um features
indicate that most of the interstellar dust is 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 ex-
pected to be ~ 5% (Kemper et al! [2004), which suggests con-
siderable re-processing of the dust in the ISM. Over time the
silicates may lose their crystalline structure in the violent envi-
ronment 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 amorphization of crys-
talline dust in the ISM (Jiger et al.|2003, and references therein).
Interestingly, silicates are again abundant in crystalline form in
protoplanetary disks. The cores of some interstellar grains re-
trieved by the stardust mission, also show the presence of crys-
talline 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 alterna-
tive wavelength range for the study of interstellar dust (Draine
2003; Lee et all 2009; |Costantini et all 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. De-
pending on the column density along the line of sight and
the brightness of the source, it is possible to access the ab-
sorption edges of different elements. The X-ray absorption fine
structure (XAFS) near the atomic absorption edges of an el-
ement can be used as a unique fingerprint of the dust along
the line of sight toward the source. XAFSs are observed in X-
ray spectra of various astrophysical sources of Chandra and
XMM-Newton (Lee et al! [2001; [Ueda et all2005; [Kaastra et al.
2009; |de Vries & Costantini [2009; [Pinto et al! 2010, 2013;
Costantini et al! 2012; [Valencic & Smith 2013; [Zeegers et all
2017, hereafter Z17). They provide a powerful tool for the study
of the composition, abundance, crystallinity, stoichiometry, and
size of interstellar silicates (de Vries & Costantini 2009, Z17).

Interstellar dust may show slight variations in different envi-
ronments. For example, from dense molecular clouds we know
that dust may incorporate a layer of ice around the grains, but
in less dense environments the dust may also show variations
in composition and properties. For instance, the abundances of
several elements show a decrease with distance from the Galac-
tic center (Rolleston et all[2000; |Chen et all[2003; [Davies et al.
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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.l1978; Nittler|2005). The X-
rays provide the possibility to study dust in different environ-
ments. 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 (Z17). Here we expanded the number of sources
studied to a total of 9, and we expanded the set of silicate sam-
ples with respect to the previous study from 6 to 15. The sample
set contains the interstellar dust analogs pyroxenes, olivines, and
silicon dioxide, which can be used to analyze interstellar silicate
dust. These measurements are part of a larger laboratory mea-
surement campaign (Costantini & de Vries2013).

The paper is structured in the following way. In Section
we explain the analysis of our laboratory data and the use of
XAFS to investigate the composition of interstellar dust. In Sec-
tion 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 4]
we show the source selection, data, and spectral analysis. In Sec-
tion[3lwe discuss the results and the chemistry of the dust toward
the dense central area of the Galaxy. Lastly, in Section[6] we give
a summary and our conclusion.

2. X-ray absorption edges
2.1. Dust samples

In this analysis, we make use of 14 different dust samples for
which we measured the Si K-edges. The composition and struc-
ture of these dust samples are listed in Table[I} Samples 1-5 are
the same as those used in Z17; samples, 6 - 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 different types of quartz. Although tech-
nically quartz types (samples 13-15) are oxides, we refer to all
the samples in the paper as silicates for simplicity. Samples 2, 3,
5, 6,7, 8, and 10 were synthesized for this analysis in laborato-
ries at AIU Jena and Osaka University. In particular, the amor-
phous samples (2, 5,7, 8, and 10) were synthesized by quenching
a melt according to the procedure described in [Dorschner et al.
(1999). There are also synthesized crystalline samples in the
sample set, such as fayalite (sample 9). The crystals in this sam-
ple were grown via the “scull method” (Lingenberg|1986). More
details about samples 1-5 can be found in Z17, and more details
about samples 6-15 can be found in Table [T}

The samples were chosen because of their relevance regard-
ing the possible components of the silicate dust in the ISM. We
used the following criteria in the selection of this sample set:

— The sample set consists of pyroxenes, olivines, and oxides;

— The silicate samples have different iron-to-magnesium ra-
tios;

— The samples contain both amorphous and crystalline sili-
cates.

The motivation for these selection criteria is based primar-
ily on [Draine & Lee (1984), who derived a general composi-
tion of “astronomical silicate” based upon infrared emissivi-
ties inferred from observations of circumstellar and interstel-
lar grains. The composition of this silicate is used as a start-
ing point for the composition of the silicates in our sample set.
The content of the sample set is then further refined by involv-
ing the results of detailed studies of the 9.7 and 18 um fea-
tures in the infrared, which give an indication of the silicate
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Table 1. Samples

No. Name Chemical formula Structure

1 Olivine Mg1'56FC(),4Si0,9]O4 crystal

2 Pyroxene Mg, oFeo 15103 amorphous
3 Pyroxene Mg, oFeo 15103 crystal

4 Enstatite ~ MgSiO3 crystal”

5 Pyroxene Mg, (Fe 45103 amorphous
6 Pyroxene Mg, ¢Fe 45103 crystal

7 Olivine (Mg, sFeq.5)2Si04 amorphous
8 Pyroxene Mg ;5Feq 255103 amorphous
9 Fayalite Fe,Si04 crystal

10  Enstatite = MgSiO3 amorphous
11 Forsterite Mg,Si04 crystal

12 Quartz Si0; crystal

13 Quartz SiO; amorphous
14 Quartz Si0; amorphous

Notes. *Sample 4 contains a very small amount of iron, which is not
significant in our analysis. The Fe-to-Mg ratio is 4 x 1072, More in-
formation about samples 1-5 can be found in Z17. Sample 6 is a py-
roxene, and is the crystalline counterpart of sample 5. Sample 7 is
an amorphous olivine with equal contributions of iron and magne-
sium. Sample 8 is an amorphous pyroxene with an Fe-to-Mg ratio of
1:3. Sample 9, fayalite, was synthesized at the University of Frank-
furt, Physical Institute (Fabian et al!2001). Sample 10 is an amorphous
enstatite synthesized at AIU Jena. Sample 11, forsterite, is a commer-
cial product of Alfa Aesar. Sample 12 is a natural rock crystal from
Brazil (Zeidler et al/[2013). Sample 13, an amorphous silica, is a com-
mercial product of Qsil Ilmenau, Germany, named “ilmasil”. Sample 14
is a commercial amorphous silica powder supplied by Fisher Scientific.
Samples 13 and 14 differ in degree of amorphization (see the XAFS,
lower right panel of Figure[B.2).

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 compo-
sition: one olivine, two quartz types, and four pyroxenes. From
studies in the 8 — 13 um band it can be concluded that a mix
of predominantly pyroxenes and olivines fit the observed spec-
tra well (Kemper et al. 2004}; |Chiar & Tielens 2006; [Min et al.
2007). While [Kemper et al! (2004) find that olivine dust domi-
nates by mass in the ISM, |Chiar & Tielens (2006) find that py-
roxene dominates. Both pyroxenes and olivines are therefore
well represented in our sample set. Furthermore, different val-
ues of the Mg-to-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 used dust samples with different iron-
to-magnesium ratios. In the case of olivine-type silicates we ex-
plore both extremes, namely fayalite and forsterite. Fayalite is
the iron endmember of the olivine group, whereas forsterite is
the magnesium endmember. Our sample also contains an amor-
phous olivine with equal amounts of iron and magnesium.

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, this measurement would require a sample thickness
of 1.0 — 0.5 um. 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 fluores-
cent measurements of the Si Ka line in our analysis of the Si
K-edge. An overview of the theory behind this method can be
found in Section 3.2 of Z17.

The fluorescent measurements of the samples were per-
formed at the SOLEIL synchrotron facility in Paris using
the Line for Ultimate Characterisation by Imaging and Absorp-
tion (LUCIA) (Flank et al. [2006). The first run was completed
and published in Z17, the second run was completed in 2017
and presented in this paper. All the samples were pulverized
into a fine powder. This powder was then pressed into a layer
of indium, which was adhered to a copper sample plate. The
sample plate was placed in the X-ray beam in a vacuum envi-
ronment. 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 mea-
surements per sample. The change in position was 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 measure-
ments, we determined the dispersion among the measurements.
We found a small dispersion of 5%. This is slightly higher than
in our previous sample set of Z17, but still considered negli-
gible. Before the start of the measurement run, the instrument
was calibrated for the Si K-edge energy. All the measurements
on this edge were performed on the same day to ensure that
each of the measurements was performed under the same con-
ditions. The energy calibration of the instrument is important
to avoid discrepancies between the observations and the mea-
surements (Gorczyca et al) 2013). We compared the measure-
ment of the crystalline quartz (sample 12), to three other mea-
surements from the literature in order to check our calibration
on the absolute energy scale (Li et all|1993; [Nakanishi & Ohta
2009; |Ohta 2017); we found a perfect match among the mea-
surements. We are therefore confident that the uncertainty on
the energy scale is modest and smaller than the energy resolu-
tion of Chandra. After the measurements are obtained they need
to be corrected for two effects, namely pile-up and 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 cor-
rect for saturation when needed (Stern et al!{1995). More details
can be found in Z17; here we follow the same correction proce-
dure. We note that a crystalline pyroxene was omitted from our
sample set; it is present in Z17 and is indicated there as sam-
ple 6. The correction is on average three times larger than in the
other samples, which indicates that the sample could be overcor-
rected by the application of FLUO. The overcorrection may be
the result of a mismatch between the given composition and the
measured compound, although this may not necessarily be the
case (Ravel & Newville [2005). However, since the cause of the
large correction could not be clarified in this case, the sample
was removed from the sample set.
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2.3. X-ray absorption fine structures

X-ray absorption fine structures are modulations that arise when
an X-ray photon excites a core electron in an atom. A modu-
lation is a fingerprint of one type of dust and can therefore be
used to discriminate between different types of dust in the ISM.
XAFSs 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 photo-
electron. 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 subse-
quently 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.

The resulting absorption cross sections can be found in Fig-
ure[Tl We highlight the XAFS in the inset on the left. 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 that is present in their crystalline counter-
parts. This effect can be observed in Figure [l between 6.67 and
6.70 A. The XAFS of amorphous materials are very similar in
shape (compare samples 7, 8, and 10). It is therefore difficult to
distinguish between an amorphous pyroxene and an amorphous
olivine. The differences between these edges will then also de-
pend on slight shifts in the ionization energy and the peak in-
tensity at this energy. This is shown by the inset on the right in
Figure [l In the case of samples 12, 13, and 14 we can com-
pare three samples where the compositions are the same, but the
degree of crystallinity varies. It can be observed that the result-
ing absorption cross sections of quartz are very similar since the
composition does not change from sample to sample, but that
the crystalline sample shows features between 6.67 and 6.70 A
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 A, 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 it-
self 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 A and the energy po-
sition of this peak.

3. Extinction cross sections

The extinction cross sections for each of the samples can be de-
rived from the laboratory data. In this section, we will give a
summary of the methods that are used to derive the cross sec-
tions. For a full description of the calculation of the extinction
cross section, we refer to Z17. From the laboratory data, we ob-
tain the attenuation coeflicient (). The Beer-Lambert law can
be used to derive a:

T = i = = e—x/l

Iy
Here T is the transmittance, which can be obtained by assuming
an optically thin sample thickness x and by using tabulated val-
ues of the mean free path / (e.g., the average distance travelled by

ey
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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 7" obtained from tabulated
transmission data and from those provided by CXRO. Conse-
quently, from « the imaginary part of the refractive index k can
be derived, since the attenuation coefficient can be described as
_ 4wk
=
where A 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 calcu-
lation is the same as in Z17, namely the fast Fourier transform
(FFT) routines, as described in [Bruzzoni et al. (2002). We used
Mie theory (Mie 1908) to calculate the extinction efficiency at
each wavelength and grain size. The grain size distribution used
in this analysis is the MRN distribution, with a grain size range
of 0.005 —0.25 um. The grains are modeled as solid spheres. The
MIEVO0 code (Wiscombe1980) was used to calculate the extinc-
tion efficiency, which needs the optical constants, wavelength,
and grain size as input parameters. From the obtained extinction
efficiency we calculate the extinction cross sections. These ex-
tinction 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 [B.I] shows the resulting extinction pro-
files of each of the dust models. The absolute cross section are
available in tabular forn).

2

a

4. Data analysis of the LMXB
4.1. Source selection

We selected nine low-mass X-ray binary sources for our analysis
from the Chandra Transmission Gratings Catalog and Archivel.
The selection depends on the brightness of the source and the
hydrogen column density Ny towards the source. In order to
have the best view of the silicon K-edge, the column density
of the source should be between 10?2 and 10>} cm=2. In addi-
tion, it is important that the source be bright in order to observe
the edge with a high signal-to-noise ratio. The flux level needs
to be > 0.5 x 1072 ergecm=2s7! 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 bright-
ness. We did not find this to be a problem in any of the selected
sources. Sources with the desired column density lie preferen-
tially around the Galactic center (GC) area (Table ).

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 con-
tinuous 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 compari-
son with the TE mode and seems slightly smeared. The effect
of the scattering halo is particularly evident in the CC mode be-
cause 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[2l Here we also indicate the observation IDs (obsids) of
the spectra of the sources, the distances, and the Galactic coor-
dinates.

1

www.Ssron.nl/~elisa/VIDI/
2 http://tgcat.mit.edu/
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absorption cross section (Mb)
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Fig. 1. The Si K-edge of dust samples 1-14 (samples 1-5 are from Z17). The x-axis shows the energy in A and the y-axis shows the amount of

absorption indicated by the cross section (in Mb per Si atom).

4.2. Modeling procedure

After the selection of the sources as described in the previ-
ous section, we inspected the spectra for pile-up. Pile-up occurs
when two or more photons are detected as one single event, and
therefore often occurs 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 grat-
ing. 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[Al Be-
fore we can 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[£.2.T]and 2.2

4.2.1. Continuum and neutral absorption

The underlying continuum of each source is fitted using the spec-
tral analysis code SPEX. We tested several additive SPEX mod-
els in our analysis, namely blackbody, disk-blackbody, power-
law, and Comptonization models. The X-ray radiation from the
source is then absorbed by a neutral absorber. This model is rep-
resented 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 kKT = 5 x 107 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 use GX 5-1 as an example to explain our method of fit-
ting 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 [Al Two spectra were used in the fit
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Table 2. Sources

Name obsid(s) distance coordinates
kpc [ (deg) b (deg)
GX 5-1 19449, 20119 9.2! 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+0.3% 33959 -0.08
GX 17+2 11088 12.6 1643  +1.28
4U 1705-44 5500,18086, 19451,20082 7.6+0.3° 34332 -234
4U 1630-47 13714, 13715, 13716, 13717 10° 33691 +0.25
4U 1728-34 2748 52+05 35430 -0.15
4U 1702-429 11045 78 343.89 -1.32
GRS 1758-258 2429, 2750 8.5° 4.51 -1.36

Notes. Table with Chandra observations used in this paper, indicated by the obsids. All observations were done in TE mode. Coordinates were
taken from the SIMBAD database (Wenger et all [2000). Distances are taken from [Christian & Swank (1997)', Bandyopadhyay et al| (1999)?,
Christian & Swank (1997)°, [Lin et all (2012)*, |Galloway et al| (2008)3, [Parmar et all (1986); |Augusteijn et al! (2001)°, [Galloway et al! (2008)7,

Qosterbroek et al! (1991)8, and [Keck et al! (2001))°
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Fig. 2. Broadband fit of GX 5-1 with the data of obsid 19449 with the
disk blackbody model (blue line) and the Comptonization model (green
line). Also shown is the total fit (red line). The AMOL dust models are
included in the fit.

of GX 5-1, 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 Sil-
icon 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 bi-
nary in our analysis. We used a Comptonization 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 x 10?>cm~2. The
broadband fit of GX 5-1 is shown in Figure[2l For clarity, the data
displayed in this figure belongs to obsid 19449, since this data
set dominates the fitting of the spectrum due to its superior qual-
ity. The fit already includes the dust model (see Sectiond.2.3]for
details). The parameter values of the best fit of GX 5-1 can be
found in Table [AJl Errors given on parameters are 1o errors,
which is the case for all errors shown in this analysis.
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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 to-
wards the sources (fitted in the spectra using again the HOT
model, which has a tuneable temperature), as well as outflow-
ing 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 evidence of gas intrinsic to 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[A3).

Collisionally ionized hot absorbing gas in the ISM is thought
to have temperatures between ~ 10° — 107K (Yao & Wang
2007; Wang 12009; Wang et al. [2013). For GRS 1758-258, GX
17+2, and 4U 1705-44 a hot component was found with tem-
peratures within the range mentioned, namely 1.5f8:g x 10K

, 1.6 £ 0.2 x 10°K, and 2.1*):7 x 10°K, respectively. The hy-
drogen column density of the hot gas for all sources is on the
order of 10%° cm~2 (Table [A.5), which is in agreement with the
typical expected hydrogen column densities (Yao & Wang[2005;
Yao et al!l2006;Yao & Wang2007). We did not find evidence of
outflowing ionized gas along the line of sight of GX 5-1, nor 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 pa-
rameters of the HOT and the XABS model can be found in the
tables with the best fits of the sources in Appendix[Al

4.2.3. Dust mixtures and the SPEX AMOL model

After obtaining the underlying continuum and the column den-
sity of neutral hydrogen towards the source, we proceeded by
adding the dust model to the fit. We also took into account the
presence of hot and outflowing ionized gas along the line of
sight, as mentioned in Section[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 wanted to test all possible unique
combinations of the 14 dust models. To execute these fits, we
followed the method of|Costantini et al| (2012), namely the total
number of fits (n) is given by n = ngys!/(4!1(ngust — 4)!), where
Nqust 18 the number of available dust models and 4 is the number
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Fig. 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 gray 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.

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 re-
duced C? values. All the fits in this paper generated by SPEX are
using C-statistics (Cash [1979) as an alternative to y2-statistics.
C-statistics can 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 C>
value (Kaastra2017). As an example, we show the resulting best
fit of GX 5-1 in Figure Bl 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 signif-
icantly. The best fits of the sources in our sample are described
in Section[3l

In Figure [] 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 (see
Table [I)). The y-axis indicates the relative contribution of each
of the dust sample in the fit with respect to the dust column den-
sity 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 re-
sults. 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 of the 1001
possible dust mixture is represented in Figure @] by a set of four
circles of the same color, i.e., the number of dust samples per fit.
The position of the filled circles on the y-axis shows the contri-
bution of the dust sample to the fit. The colors of the filled circles

correspond to the 1, 2, and 3 o deviations of a dust mixture from
the best fit, as shown in the legend of Figure[d

In the ideal case, the dust samples that correspond with the
best fit will also be represented in the results of similar dust mix-
tures. In the case of GX 5-1 for instance, the best fit consists 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 [ by the dominant selection of samples 1 and 7.
When the best fit is unique, we expect a clustering of the sim-
ilar mixtures around the best fit. This effect can be observed in
the frame of GX 13+1 in Figure H] for sample 7, and to a lesser
degree in GX 5-1 for samples 1 and 7.

If the data are of good quality (i.e., with high signal-to-noise
ratio), 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 1742,
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 4]
will be discussed in Section[3.11

4.3. Silicon abundances and depletion

The silicon K-edge allows the possibility of evaluating silicon
in both gas and dust simultaneously. Consequently, this allows a
study of the abundance and depletion of silicon on the nine dif-
ferent lines of sight towards the X-ray binaries. Table 3 gives the
silicon column density (N*'), depletion, total silicon abundance
(Asi), and abundance of silicon in dust (A‘si?“). Finally, Asi/Ao
shows the deviation from the solar abundance of silicon. The al-
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lowed depletion ranges used in the fits are based upon values
from (2009). The ranges are given in Table @l 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.

5. Discussion
5.1. Dust composition toward the Galactic center

The results of the fits of the nine X-ray binaries are summarized
in Figure[d] Since this figure contains information about the crys-
tallinity, the mineralogy, and the ratio of iron to magnesium, we
discuss each of the properties of the dust separately. We also fo-
cus on the results of the fits of GX 5-1, GX 13+1, and GX 17+2;
for these sources the quality of the data in terms of signal-to-

Article number, page 8 of

noise ratio around the Si K-edge is the best with respect to the
other sources.

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 ({;). The ratio here is de-
fined as {; =crystalline dust/(crystalline dust + amorphous dust).
Examining the best fitting dust mixture of GX 5-1, we find a
value of {; = 0.12, and when considering the errors we find an
upper limit of on the crystallinity of ; < 0.29. GX 13+1 can
be analyzed in the same way. Here the obtained ratio of £ is
{1 = 0.07, with an upper limit of {; < 0.35. For GX 17+2 we
find the lowest crystallinity value of £; = 0.04 and an upper limit
of 1 < 0.17. The other sources in the analysis, focussing on 4U
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Table 3. Abundances and depletions of silicon

Source N depletion Asgi A Asi/Ao
(10" cm™2) (107 perHatom) (107> per Hatom)
GX 5-1 1.7+£0.2 0.89 + 0.05 29+0.2 25+02 O.ngf
GX 13+1 1.4+0.2 0.94 + 0.02 4.6 +0.7 4.4 +0.7 1.2+0.2
GX340+00 29406 077+0.10 45409 3.6+0.9 12102
GX 17+2 1.1+£0.2 0.95+0.03 52+04 51+04 1.3+0.1
4U 1705-44 09+0.2 091 +0.05 43+1.1 40+1.1 1.1+03
4U 1630-47 48+1.3 0.76+023 49+1.3 45+1.3 1.3+04
4U 1728-34 1.4+04 0.95f§f§§ 41+14 39+ 14 1.1+04
4U 1702-429 0.7+0.3 0.93 +0.15 32+1.5 3.0+1.5 0.8+04
GRS 1758-258 1.0+04 0.75+0.2 39+15 29+1.5 1.0+04
average 1.8+0.2 0.87 + 0.04 40+04 3.8+04 1.1 £0.1

Notes. Abundances are indicated by Ag;. Solar abundances are taken from [Lodders & Palme (2009). Ng‘i" indicates the total column density of

silicon (gas and dust).

Table 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

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

1630-47, GX 340400, and 4U 1705-44, show a similar result,
although the errors on the dust measurements increase because
of the data quality.

As seen above and despite the errors, the X-ray binaries
with the best signal-to-noise ratios are best fit by a mixture of
mainly amorphous dust and a contribution of crystalline dust
which varies in the range ¢; = 0.04 — 0.12. These amounts of
crystalline dust are large in comparison with results from the
infrared (Section [I)). One explanation may be that we are ob-
serving special lines of sight with freshly produced crystalline
dust grains that have not been fully 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 in-
terstellar 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.
XAFSs, especially the features close to the edge, are sensitive
to short-range order, whereas in the infrared observations are fo-
cussed on long-range disorder in the dust particles.

There are multiple processes to form crystalline and amor-
phous dust (e.g., [Dorschneretall [1995; Jigeretall 2003;
Speck et al| 2011)). The different techniques used in the labora-
tory to synthesize amorphous dust show that some of these sam-
ples are glassy, others are porous, and some samples are not ho-
mogeneously amorphous, but show the onset of crystallization.
All of these samples produce amorphous infrared dust features,
albeit with differences in the peak postion of the 10 and 18 um
features (Speck et al/[2011)). Furthermore, a polycrystalline ma-
terial 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 disor-
dered (Mastelaro & Zanotta|2018). Therefore, what may be per-
ceived as amorphous dust in the infrared can still be observed as
crystalline dust in the X-rays. More laboratory research is neces-
sary 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.

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 con-
tent in the dust causes only small differences in the XAFS (Fig-
ure [T). Small shifts in the peaks can be observed in the labo-
ratory data, but in view of the resolution of the Chandra spec-
tra, these subtle changes will not be detected in the spectra. We
note that 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, there are two reasons why
these samples do not fit the edge and the structure of the dust is
of greater influence here than the iron content, since the struc-
tural differences in the crystal-types can be distinguished in the
models. Iron is highly depleted in the ISM and is expected to re-
side 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 nanoparti-
cles (Bilalbegovic et al.2017). Our sample set currently contains
pyroxene samples with a ratio of Mg/(Fe+Mg)=0.6. This is very
similar to the Kemper et all (2004) value of Mg/(Fe+Mg)=0.5.
Previous studies do not show 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
and the iron K-edge will give a direct impression of magnesium
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and iron in dust. Depending on the brightness of the source, the
column density along the line of sight and the telescope and in-
struments that are used, it is possible to observe these edges. In
the case of the Fe K-edge, the current instruments are not sensi-
tive enough around the edge to detect the XAFS, but the future
observatory Athena will be able to observe the Fe K-edge in de-
tail (Rogantini et al|2018).

5.1.3. Olivines, pyroxenes, and oxides

The difference between iron-rich and iron-poor dust models in
the laboratory data is subtle; instead, 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 min-
eralogy. In general, we observe that in almost all of the X-ray bi-
naries, the best fitting dust mixture includes an olivine dust type
(whether amorphous or crystalline), but not all the data have sim-
ilar signal-to-noise ratios. The three X-ray binaries with the best
signal-to-noise ratios, namely GX 5-1, GX 1742, and GX 13+1,
show a preference for amorphous olivine in the best fit and in the
fits within 1o. The ratio of olivine to pyroxene can be expressed
as {» =olivine/(pyroxene-+olivine). For GX 5-1, GX 17+2, and
GX 13+1 & = 1 in case of the best fits. However, within 1o
from the best fitting dust mixtures it is possible to obtain lower
values of ¢, with a minimum of {, = 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 um silicate feature, Kemper et al. (2004) also find that olivine
glass accounts 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 yum and 18 um silicate
features of Wolf-Rayet stars representing both the local ISM and
the GC, |Chiar & Tielens (2006) find that a mix of olivine and
pyroxene silicates produces a good match to their data, and that
a greater contribution by mass of pyroxene dust is required. Ob-
serving the same line of sight as|[Kemper et al! (2004), [Min et al.
(2007) find a stoichiometry of the silicate dust that lies between
that of olivine and pyroxene. In future X-ray studies it will there-
fore be interesting to investigate samples with a stoichiometry
between that of olivine and pyroxene.

The role of SiO; 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
SiO, nanoparticles, although there is limited insight into how
these dust particles may form and they have not been detected
in the ISM (Li_& Draine 2002; [Krasnokutski et al. [2014). The
presence of SiO, may be supportive of the formation of grains
in the interstellar medium (Krasnokutski et al! 2014, and refer-
ences therein). The three SiO, 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 SiO, in the fits of
GX 13+1, GX 5-1 and GX 17+2, we do not find evidence that
Si0; is the dominant component in interstellar dust.

5.2. Silicon abundances and depletion

The results from Table 3] allow us to study the dense environ-
ment 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 um features (Aitken & Roche
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1984; Roche & Aitken|1985;Tielens et alll1996). In the local so-
lar environment the silicon abundance in dust can be derived as
5.2 + 1.8 x 1073 per H-atom, using data from Roche & Aitken
(1984) and [Tielens et al! (1996) who observed nearby Wolf-
Rayet stars. On sight lines toward the GC the abundance of sili-
con in dust is often found to be lower, namely 3.0 + 1.8 X 1073
per H-atom (Roche & Aitken [1985). This discrepancy may be
caused by the presence of large particles (> 3 um) 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 (Ay) derived from the Ny-to-
Ay 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 x 107 per H-atom fall between the abundances
found by Roche & Aitken (19835) to the GC andRoche & 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 also appears to be no obvious rela-
tion between the abundance of silicon and the distance from the
plane of the Galaxy, but this can be attributed to the proximity of
all our sources to the plane.

In addition to 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 ob-
served (Pedicelli et al![2009; [Rolleston et al/[2000; [Davies et al.
2009). The proximity of the X-ray binaries to the GC gives us a
unique opportunity to study the behavior of this gradient in the
inner region of the Galaxy, 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 Rgec > 6 kpc. For Galactocentric radii Rgc < 6 kpc 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 en-
vironment from the surrounding Galactic disk. Using Figure 5
we can investigate a possible gradient of abundances toward the
Galactic plane. Here we show the total abundance of silicon ver-
sus Rgc. The abundances obtained from the X-ray binaries are
shown in black. The other data points are abundances of sili-
con of a sample of B-type stars (in purple) fromRolleston et al.
(2000) and abundances derived from observations of cepheids
(in light blue) from|Andrievsky et all (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 dash-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 ob-
servations. The gradient is indicated by the dashed line. Instead
of the increase in 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 Figure [5 shows
that all the abundances are close to solar. If this decrease is real,
it might be caused by an increase in 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
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Fig. 5. Total silicon abundance expressed in logarithmic units, with hy-
drogen by definition 12.0 vs. the Galactocentric distance in kpc. The star
indicates the position of the Sun and the two yellow bands indicate the
position of the Galactic bulge and the molecular ring. The dash-dotted
line indicates the solar abundance and the dashed line the gradient in
the abundances obtained from the nine X-ray binaries.

presence of large grains, as described in Z17H However, we note
here that the error on the distance should also be taken into ac-
count 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 in abun-
dance of silicon at Galactocentric radii > 6 kpc is not observed
in the inner part of the Galaxy.

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 (Jenkind 2009; [Voshchinnikov & Henning 2010).
Where [Voshchinnikov & Henning (2010) probe the depletion
up to a distance of 7 kpc from the Sun, we are able to ob-
serve the depletion of silicon at larger distances and in the
less explored environment of the Galactic central region. Fur-
thermore, we are able to observe both gas and dust simultane-
ously, and in this way we obtain a direct measure of the de-
pletion. Assuming the relation for visual extinction Ny /Ay =
1.9 x 10?'cm™?mag™" (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, Ay, shown in
Figure [6l Not all of the X-ray binaries follow the average ex-
tinction of 2 mag/kpc. Four lines of sight 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

3 Future studies will explore different grain size distributions, as well as the
implementation of non-spherical grains to analyze the scattering feature. How-
ever, we can already predict some of the effects of the presence of non-spherical
grains on our analysis. Non-spherical grains mainly affect the scattering features
at the edges of the spectra. The scattering feature just before the edge is the most
prominent scattering feature. Therefore, when we use non-spherical elongated
grains, we observe the most significant changes in this feature. Examples of how
this feature changes for oblate and prolate grains are shown in/Hoffman & Draine
(2016), figure 9. When we compare these grains to spherical grains we can ob-
serve that the changes in the XAFS features are modest when the shape of the
grain changes. This is expected since the spherical grains represent an average
radius of the major and minor axis of the prolate and oblate grains.
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Fig. 6. Depletion vs. visual extinction (Ay).

which the X-ray binaries reside. The central part of the Galaxy
has a complex structure as we already noted earlier in this sec-
tion. All the X-ray binaries are located in this area, so we may
be observing local variations in the ISM.

6. Summary and conclusion

In this paper, we fitted the Si edge of of the absorbed spectra
along nine different lines of sight. We used a total of 14 new dust
extinction profiles, representing to a good degree the silicate con-
tent of interstellar dust. We measured the absorption profiles of
these 14 interstellar dust analogs at the Soleil synchrotron facil-
ity in Paris. The laboratory absorption measurements were con-
verted into extinction cross sections in order to obtain models
suitable for interstellar dust studies. We obtained the following
results:

— We find that most lines of sight can be fitted well by amor-
phous olivine. The contribution of crystalline dust to the fits
is larger than found in the infrared. For the sources with
the best signal-to-noise ratios (i.e., GX 5-1, GX 13+1, and
GX 17+2), we find values of the crystallinity in the range
{1 = 0.04 — 0.12, with upper limits on these values of {; be-
tween 0.17 and 0.35. A possible explanation may lie in the
nature of X-rays, which is such that it facilitates the study
of the short-range order between the atoms, contrary to the
long-range disorder in the infrared. In this way, we may ob-
serve crystallinity in polycrystalline and partly glassy ma-
terial. 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 diffi-
cult, however, 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. Observa-
tions of the Fe K-edge in X-ray binaries will be possible with
the future Athena observatory.

— In almost all of the X-ray binaries, the dust mixture best fit-
ting 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 at Rgc < 4 kpc. For every line of sight,
we obtained the total abundance of silicon, the dust abun-
dance, and the depletion. We investigated trends for the total
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abundance versus the Galactocentric distance. We observe a
decrease in the silicon abundance toward the GC with a gra-
dient of 0.06 + 0.01 dex/kpc. This may be caused by silicon
atoms locked up in large (> 3 um) dust particles in these
dense environments.
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Appendix A: Broadband spectral fits of the
individual sources

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, and
4U 1705-44. In the tables of this section we give the parameter
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.

GX 5-1: The fitting of GX 5-1 is explained in Section .2 for il-
lustration. We found a column density of 5.8 + 0.2 x 1022cm 2.
This value can be compared to previous studies: the column
density of GX 5-1 was measured by [Predehl & Schmitt (1995)
to range between 2.78 and 3.48 x 10*2cm~2 depending on the
continuum model. More recent values of the column density
are 2.8 X 102 cm™? with Chandra data by [Ueda et al! (2005)
and 3.07 + 0.04 x 10?2 cm™2 by |Asai et all (2000, using ASCA
archival data). In Z17 we made use of the short (0.24 ks) ob-
servation of obsid 716 in order to minimize the effect of pile-up
on the estimate of the column density. This resulted in a col-
umn density of 3.4 + 0.1 x 10?2cm™2. These values are lower
than the one we find for the spectra used in this study. However,
there is a considerable 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 noted that the observed column density of the
source can vary. This variation may be associated with changes
over time intrinsic to the source. Such differences in the col-
umn density can also be observed in EXO 0748-676, for exam-
ple (van Peet et all 2009). Furthermore, GX 5-1 deviates from
the linear relation between the scattering optical depth and the
column density (see Figure 7 in [Predehl & Schmitt(1995). When
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 Ny
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 [A2] Figure [A1). The source continuum is
modeled using two blackbody models. All observations show
outflowing gas, which is modeled by the XABS model. The ion-
ization parameter & in the XABS model is defined as & = L/nr?,
where L is the ionizing luminosity, n the gas density, and r the
distance of the gas from the source. We find a column density
of Ny = 9.7 + 0.1 x 102cm™2, making it the densest line of
sight in our study. This value is in agreement with [Neilsen et al.
(2014), among others, who find a best fit column density of
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Ny = 9.4797 x 10%2cm™.

GX 13+1: The continuum of GX 13+1 is fitted with a disk black-
body and Comptonization model (Table[A3] Figure[A.2). All the
observations have a XABS component in order to model out-
flowing 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 col-
umn density of GX 13+1 is in agreement with values found by
Pintore et al. (2014) and D’ Ai et all (2014).

4U 1702-429: This X-ray binary was modeled using a disk

blackbody and a Comptonization model, resulting in a value of
Ny 2.3+0.2x10%*cm™2, similar to the results found by Iaria et al!
(2016) (Table[A4] Figure[A3]).
4U 1728-34: In the case of 4U 1728-34 the continuum was also
modeled by using a disk blackbody and a Comptonization model
(Table [A.4] Figure[A4]). 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 Ny
is in agreement with values found by IDi Salvo et al/ (2000a) of
3.1+0.1x 10*2cm™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 hydrogen column den-
sity measurements.
GX 340+00: is fitted well by a power-law model in combina-
tion with a blackbody model. We added a Gaussian model to
fit the iron K, emission-line feature around 6.4 keV. The ob-
tained column density of hydrogen is 6.6 + 0.2 x 10?>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
~ 5.5-6.5x 10?>cm~2 for several models. It is below values
found by [Cackett et al! (2010) of 0.9 — 1.1 x 10?* cm™2 using
XMM-Newton data.

GRS 1758-258: The continuum of GRS 1758-258 is best
fit by a blackbody and a steep power law function (Smith et al.
2001)) (Table[A3] Figure[A.6).

GX 1742: The continuum of GX 1742 modeled using a black-
body model in combination with power-law function (Table[A.3]
Figure [A7). The column density is estimated by [Cackett et al.
(2009) to lie between 3.12 + 0.05 and 4.63 + 0.08 x 10?2 cm2,
using Chandra data. This column density is higher than the value
found in our analysis of 2.0+0.1x 10?> cm~2. However, our anal-
ysis 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 modeled us-
ing a blackbody model in combination with power-law function
(Table Figure [A.8). The column density is in agreement
with data from BeppoSAX (Piraino et al. 2016, model 2).

Appendix B: Si K-edge models

Figure[B.TIlshows the extinction profiles around the Si-K edge for
the compounds 1 to 14 (see Table[d)). All the profiles are imple-
mented 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(l. Furthermore, we show the labora-
tory edges from Figure[Ilin individual panels for comparison in

Figure[B.2l
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Table A.1. Best fit parameters for GX 5-1

Obsid 13714 13715
NEM (107 em™) 58+0.2

kgToy (keV) 0.31+£0.01 0.33+0.01
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C%/v 2026/1603

Notes. This fit was produced using the following SPEX models: a blackbody model, a Comptonization model, the AMOL model, cold gas model
(HOT with kgT = 5 x 10*), and XABS.

Table A.2. Best fit parameters for 4U 1630-47

Obsid 13714 13715 13716 13717
NEM (102 cm™) 9.7+0.1

kgTon1 (keV) 0.62+0.01 0.62+0.01 0.60+0.01 0.63+0.01
kg Ton2 (keV) 1.2+0.3 1.2+04 1.2+04 1.2+0.5
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Notes. This fit was produced using the following SPEX models: two blackbody models, the AMOL model, the cold gas model (HOT with

ksT = 5 x 107), and two XABS models. Both XABS models are coupled to the four observations, since these observations were performed in
succession.
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Table A.3. Best fit parameters for GX 13+1

Obsid 11814 11815 11816 11817
NeeH (102em™2) 3.1+0.1

kg Taps (keV) 0.72+0.18 0.99+0.06 087+0.25 032+0.14
ks Tocom: (keV) 0.70+0.03 0.79+0.03 0.80+0.06 0.70+0.02
ks T com: (keV) 12+3 11+2 12+8 11+1
Teomt (keV) 1402  0.54£0.09  0.20*039 1.9+0:4
NEP (10 em™2) 1.1+0.1 1.8+0.1 41+0.1 3.2+0.1
log £xabsi 43+0.5 43+0.3 43+0.1 45+0.1
21102 kms™!) ~4.4+39 -5.5%19 -62737  -35x14
N (10 em™) 1.1+0.2 - - -

log £ (ergcms™') 3.0+0.1 - - -

v (102kms ™) > —0.1 - - -
Fosorev (107%ergem™2s7!) 1.4 +0.1 1.8+0.2 1.8+0.2 1.6+0.2
F_1okey (10 ergem2s7") 56+06  6.6+0.7 6.5+0.7 6.8 +0.7
C?ly 5910/4738

Notes. This fit was produced using the following SPEX model components: a disk blackbody, a Comptonization model, the AMOL model, the

cold gas model (i.e., HOT with kg7 =5 X 107), and two XABS models.

Table A.4. Best fit parameters for 4U 1702-429, 4U 1728-34, and GX 340+00

Source 4U 1702-429  4U 1728-34 GX 340+00

Obsid 11045 2748 1921 18085 19450 20099
NEM (107 cm™2) 23+02 3.5702 6.6 0.2

kg Ty, (keV) - - 217 1.1£0.1 1.0+0.1 1.0+0.1
Tpow - - 1.6+£0.1 1.5+01 20+0.1 1.8=0.
kg Tavy (keV) 0.74*922 0.27*91 - - - -
Egaus (keV) - - 6.6+ 0.1 - 6401 63+0.1
FWHMgys (keV) - - 0.40 + 0.08 - 23%97 2902
kT compt 0.47j§;§; 0.44+0.03 - - -

ks T compt (keV) 2.5f9;g 2170 - - - -
Teompt 7.0%0¢ 2.52:‘]‘ - - - -
Fos—owev (10 ergem™s™)) 5.6+ 1.0 0.8+ 0.1 25+02 4.0+04 43+03 44+03
Fa_10kev (10 %ergem™s7") 0.6+0.1 1.7+£01  62+04  10£1 76+05 9407
C*lv 2350/2144  1403/1326 4777/3954

Notes. The fit of 4U 1702-429 was produced using the following SPEX model components: a disk blackbody, a Comptonization model, the AMOL
model, the cold gas model (i.e., HOT with kg7 = 5 x 107*), and the XABS model.
The fit of 4U 1728-34 was produced using the following SPEX model components: a disk blackbody, a Comptonization model, AMOL, the cold

gas model, and XABS.

The fit of GX 340+00 was produced using the following SPEX models: a blackbody, a power law, AMOL, the cold gas model, and XABS.
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Table A.5. Best fit parameters for GRS 1758-258, GX 17+2, and 4U 1705-44

Source GRS 1758-258 GX 17+2 4U 1705-44

Obsid 2429 2750 11088 5500 18086 19451 20082
N (1022 ¢cm2) 2.5+0.1 2.0+0.1 2.0+0.1

N (102 em™2) 2.4+34 1.47)2 0.29%018

kp Thor (keV) 1.3703 0.12+0.02 0.28+0%7

kg Top (keV) 0.38+0.01 0.42+0.01 - - - - -
Tpow 3.9+01 2.7+0.1 - - - - -
Tgso (keV) : . LTGR 04200  099%1 053l 04360
kg Tocomt (keV) - - 0.60 £ 0.01 0.41 +0.01 0.65%)-09 0.54+0.02 0.49+0.01
ks T comt (keV) - - 30*¢, 212 47+ 40j§g 18+22
Teomt - - 1.7f(1):é 1.4j:§ 0.9:1):2 1.Of0:g 1.6:1):3
Fosakey (107%rgem™s™')  0.8+02  1.2+02  43+08  14+0.1 3.6+04 23+02 23+02
Fa_tokev (10%rgem™s™1)  0.12+£0.04 044+0.08  13+2 17£02 7.1+07 39+04  3.0+03
2y 4182/3770 1393/1109 5838/4459

Notes. The fit of GRS 1758-258 was produced using the following SPEX model components: a blackbody, a power law, AMOL, the cold gas

model (i.e., HOT with kg7 = 5 x 107#), and hot gas (HOT).

The fit of GX 1742 was produced using the following SPEX model components: a disk blackbody, a comptonization, AMOL, the cold gas model,

and hot gas (HOT).

The fit of 4U 1705-44 was produced using the following SPEX model components: a disk blackbody, a comptonization, AMOL, the cold gas

model, and hot gas (HOT).
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Fig. B.2. The Si K-edge of dust samples 1-14 (see Table [[). The x-axis shows the energy in A 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 (samples 2, 3, 5, and 6). The top right panel shows the difference between amorphous
and crystalline enstatite (samples 4 and 10), including 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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