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ABSTRACT

Context. We study the absorption and scattering of X-ray radiation byinterstellar dust particles, which allows us to access the physical
and chemical properties of dust. The interstellar dust composition is not well understood, especially on the densest sight lines of the
Galactic Plane. X-rays provide a powerful tool in this study.
Aims. We present newly acquired laboratory measurements of silicate compounds taken at the Soleil synchrotron facility in Paris using
the Lucia beamline. The dust absorption profiles resulting from this campaign were used in this pilot study to model the absorption
by interstellar dust along the line of sight of the low-mass X-ray binary (LMXB) GX 5-1.
Methods. The measured laboratory cross-sections were adapted for astrophysical data analysis and the resulting extinction profiles of
the Si K-edge were implemented in the SPEX spectral fitting program. We derive the properties of the interstellar dust along the line
of sight by fitting the Si K-edge seen in absorption in the spectrum of GX 5-1.
Results. We measured the hydrogen column density towards GX 5-1 to be 3.40± 0.1× 1022 cm−2. The best fit of the silicon edge in
the spectrum of GX 5-1 is obtained by a mixture of olivine and pyroxene. In this study, our modeling is limited to Si absorption by
silicates with different Mg:Fe ratios. We obtained an abundance of silicon in dust of 4.0± 0.3× 10−5 per H atom and a lower limit for
total abundance, considering both gas and dust, of> 4.4× 10−5 per H atom, which leads to a gas to dust ratio of> 0.22. Furthermore,
an enhanced scattering feature in the Si K-edge may suggest the presence of large particles along the line of sight.

Key words. astrochemistry – X-rays: binaries – dust, extinction – X-rays: individuals: GX 5-1

1. Introduction

Cosmic silicates form an important component of the dust
present in the interstellar medium (ISM). These silicate dust par-
ticles are thought to be mainly produced in oxygen-rich asymp-
totic giant branch (AGB) stars (e.g., Gail et al. 2009). Besides
AGB stars, other sources such as novae, supernovae type II
(Wooden et al. 1993; Rho et al. 2008, 2009), young stellar ob-
jects (Dwek & Scalo 1980), and red giant stars (Nittler et al.
1997) can produce silicate dust. Even dust formation in the ISM
may occur in interstellar clouds (Jones & Nuth 2011). Although
the amounts of dust contributed by these sources is still debated
(Meikle et al. 2007; Jones & Nuth 2011), silicate dust is abun-
dant in the ISM and can be found in many different stages of
the life cycle of stars (Henning 2010). The physical and chem-
ical composition of silicate dust has traditionally been studied
at various wavelengths ranging from the radio to the UV and
at different sight lines across the Galaxy (Draine & Li 2001;
Dwek et al. 2004). However, there are still many open ques-
tions about, for instance, the chemical composition of silicates
(Li & Draine 2001; Gail 2010), the production and destruction
rate of dust (Jones et al. 1994, 1996), the amount of crystalline
dust in the interstellar medium, (Kemper et al. 2004) and thepar-

ticle size distribution and the shape of dust grains (e.g., Min et al.
2006, 2008; Voshchinnikov et al. 2006; Mutschke et al. 2009).
Furthermore, it is not precisely known how the dust composition
and the dust particle size distribution change in different regions
throughout the Galaxy (Chiar & Tielens 2006; Min et al. 2007).

Elements such as C, O, Fe, Si, and Mg appear to be
under-abundant in the cold phase of the ISM (Jenkins 2009;
Savage & Sembach 1996). The abundances of these elements
relative to hydrogen were found to be less than in the Sun, the
Solar system, or in nearby stars (Draine 2003). The atoms, that
appear to be missing, are thought to be locked up in dust. Thisis
referred to as depletion from the gas phase, which is defined here
as the ratio of the dust abundance to the total amount of a given
element. A large fraction of C, O, Fe, Si, and Mg is therefore
thought to be depleted and locked up in dust (Henning 2010;
Savage & Sembach 1996; Jenkins 2009). Aside from carbon,
which is mostly present in dust in graphite and polycyclic aro-
matic carbon (e.g., Zubko et al. 2004; Draine & Li 2007; Tielens
2008), these elements form the main constituents of cosmic sili-
cates (Mathis 1998). Silicon in dust is mainly present in theISM
in the form of silicates, although it may also exist, in relatively
small percentages, in the form of SiC: 0.1%, (Kemper et al.
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2004), 9-12% (Min et al. 2007). Mg and Fe oxides are ob-
served in stellar spectra (Posch et al. 2002; Henning et al. 1995),
but there is no observational evidence for them in the diffuse
ISM (Whittet et al. 1997; Chiar & Tielens 2006). However, these
compounds have been isolated as stardust in Solar system mete-
orites (Anders & Zinner 1993).

An important property of interstellar dust is crys-
tallinity. From observations of the 10µm and 18µm features,
Kemper et al. (2004) concluded that along sight lines towards
the Galactic center only 1.1% (with a firm upper limit of 2.2%)
of the total amount of silicate dust has a crystalline structure.
On the other hand, some of the interstellar dust grains captured
by the Stardust Interstellar Dust Collector (Westphal et al. 2014)
showed a large fraction of crystalline material. The cores of these
particles contained crystalline forsteritic olivine. Westphal et al.
(2014) conclude that crystalline materials are probably preserved
in the interiors of larger (> 1µm) particles. Interestingly, dust is
found to be in crystalline form at the start and at the end of the
life cycle of stars, whereas very little crystalline dust appears to
survive the harsh environment of the ISM. There are indications
that the amount of crystalline dust depends on the environment.
For instance, silicate dust in starburst galaxies appears in large
fractions in crystalline form (Spoon et al. 2006; Kemper et al.
2011), probably reflecting freshly produced dust. Indeed, sili-
cates in the ISM can be amorphous either because during the
formation process the silicates condense as amorphous grains
(Kemper et al. 2004; Jones et al. 2012) or the crystal structure
is destroyed in the ISM by cosmic ray bombardments, UV/X-
ray radiation, and supernova shock waves (Bringa et al. 2007).
In the first case the silicates will have a non-stoichiometric com-
position and in the second case they will have the stoichiome-
try of the former crystal (Kemper et al. 2004). The dust features
of amorphous dust are smoother than those of crystalline dust,
which makes the determination of the structure and composition
of the interstellar dust from spectral studies more difficult.

From X-ray observations of sight lines towards the Galac-
tic plane and infrared observations towards the Galactic cen-
ter, silicates were found to be Mg-rich rather than Fe-rich
(Costantini et al. 2005, 2012; Lee et al. 2009; Min et al. 2007).
However, Fe is heavily depleted (70−99%) and probably mostly
locked up in dust grains (Wilms et al. 2000; Whittet 2003). It
is not certain in which exact form Fe is incorporated into dust
(Whittet et al. 1997; Chiar & Tielens 2006). Since the composi-
tion of certain silicates allows iron rich compounds, it is possi-
ble that some of the iron is locked up in these silicate grains.
Another and possibly complementary scenario to preserve Fein
dust prescribes that Fe could be locked up in Glass with Em-
bedded Metal and Sulfides (GEMS) of interstellar origin (e.g.
Bradley 1994; Floss et al. 2006; Keller & Messenger 2013).

The abundances of most of the important metals decrease
with distance from the Galactic Plane, which can be described by
a gradient with an average slope of 0.06 dex kpc−1 (Chen et al.
2003, and references therein). Although the ISM shows this gen-
eral gradient, the ISM is also very patchy. The measurementsof
abundances show a large scatter as function of the Galactic ra-
dius, due to local influences of, for instance, supernova ejecta
and infalling metal-poor gas onto the disk (Nittler 2005). The
10µm feature provides information about the Si abundance in the
Galaxy, which in turn can provide restrictions on the dust com-
position and possibly on the dust size distribution (Tielens et al.
1996). It is not precisely known how the dust distribution and
the dust composition change relative to the environment. Sim-
ple dust size distributions, such as the Mathis-Rumpl-Nordsieck
(MRN, Mathis et al. (1977)) distribution, consisting of solid

spherical dust particles, may not be sufficient to explain the ob-
servations towards dense regions of the Galaxy. Dust particles
may be non-spherical and porous due to the formation processes
of dust (Min et al. 2006; Chiar & Tielens 2006; Min et al. 2007).
Furthermore, Hoffman & Draine (2016) show the importance of
incorporating non-spherical dust particles into X-ray scattering
analyses.

X-ray observations provide a hitherto relatively unexplored
but powerful probe of interstellar dust (Draine 2003; Lee etal.
2009; Costantini et al. 2012). The extinction features nearthe
X-ray edges of O, Mg, Si, and Fe can be analyzed depending
on the column density on the line of sight towards the source
and the sensitivity of the detector. The X-ray Absorption Fine
structures (XAFS) near the atomic absorption edges of elements
provide a unique fingerprint of the dust. These XAFS have
been observed in the X-ray spectra of astrophysical objectsin
data fromXMM andChandra (Lee et al. 2001; Ueda et al. 2005;
Kaastra et al. 2009; de Vries & Costantini 2009; Pinto et al.
2010, 2013; Costantini et al. 2012; Valencic & Smith 2013). The
X-rays provide important advantages compared to longer wave-
lengths and, in that way, provide an independent method to study
silicate dust. The two most important advantages are that itis
possible to measure the quantity of absorbing gas and dust si-
multaneously and to directly determine the composition of the
dust. In particular, it is, in principle, possible to address the abun-
dance, composition, stoichiometry, crystallinity, and size of in-
terstellar silicates.

Bright X-ray binaries, distributed along the Galactic Plane,
can be used as background sources to probe the intervening dust
and gas in ISM along the line of sight. In this way, a large range
of column densities can be investigated and it is possible toan-
alyze dust in various regions in the Galaxy. Dust in diffuse re-
gions along the Galactic plane has been studied in the X-rays
by Lee et al. (2009), Pinto et al. (2010), Costantini et al. (2012),
and Pinto et al. (2013) for several sight lines. The dense ISMhas
been less extensively studied in the X-rays. These dense environ-
ments (hydrogen column density> 1×1022cm−2) can be studied
in the X-rays by observing the Mg and Si K-edge. In this paper
we will focus in the Si K-edge.

The information on silicon in silicates of astronomical inter-
est is very limited and sparse. The Si K-edge of some silicates
has been measured by, for example, Li et al. (1995); Poe et al.
(1997), but most of these silicates cannot be used in astronomical
studies because they also contain elements which are not abun-
dant in the ISM. In this first study of the Si K-edge in astronom-
ical data with a physically motivated model, we present a new
set of laboratory measurements of Si K-edges of six silicatedust
samples. The samples contain both crystalline and amorphous
silicates. Further details about these samples are given insection
3.1. The measurements are part of a large laboratory measure-
ment campaign aimed at the characterization of interstellar dust
analogs (Costantini & de Vries 2013).

We analyze the interstellar matter along the line of sight of
X-ray binary GX 5-1 using models based on new laboratory
measurements and discuss the properties and composition ofthe
dust. The paper is structured in the following way: in section 2,
we explain the usage of XAFS to study interstellar dust. In sec-
tion 3, the data analysis of the laboratory samples is described.
Section 4 shows the calculation of the extinction cross-section
(absorption and scattering) of the samples. Section 5 describes
the source GX 5-1. In section 6, we fit the models to the spec-
trum of GX 5-1 and determine the best fit to the data using the
samples from section 3. We discuss our results in section 7 and
conclude in section 8.
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2. X-ray absorption edges

The modulations at the absorption edges of elements locked
up in dust are called X-ray absorption fine structures (XAFS,
Meurant 1983). XAFS are best understood in terms of the wave
behavior of the photo-electron. These structures arise when an
X-ray photon excites a core electron. The outwardly propagat-
ing photo-electron wave will be scattered by the neighboring
atoms. From these atoms new waves will emanate and will be
superimposed on the wave function of the photo-electron. The
wave function of the scattered photo-electron is thereforemodi-
fied due to constructive and destructive interference. In this way,
the absorption probability is modified in a unique manner, be-
cause it depends on the configuration of the neighboring atoms.
These modulations can be used to determine the structure of the
silicate dust in the ISM, because the modulations show unique
features for different types of dust.

3. Laboratory data analysis

3.1. The samples

We analyzed six samples of silicates. The compounds are pre-
sented in Table 1. Three of the samples were natural crystals, that
is, two orthopyroxenes, one of them magnesium-rich (sample4:
enstatite, origin Kiloza, Tanzania), one with a higher ironcontent
(sample 6: hypersthene, origin: Paul Island, Labrador), and one
is an iron-rich olivine (sample1: olivine, origin: Sri Lanka). See
also Jaeger et al. (1998) and Olofsson et al. (2012) for infrared
data of the enstatite and the olivine crystals.

The three other samples, that is, sample 2, sample 3 (which
is the crystalline counterpart of sample 2), and sample 5, were
synthesized for this analysis in laboratories at AIU Jena and Os-
aka University. The amorphous Mg0.9Fe0.1SiO3 sample has been
synthesized by quenching of a melt according to the procedure
described by Dorschner et al. (1995). The crystalline counterpart
was obtained by slow cooling of silicate material produced un-
der Ar atmosphere in an electric arc, similarly to that described
for Mg/Fe oxides in Henning et al. (1995).

We were motivated in the choice of the sample by the al-
most absolute absence of XAFS measurements for silicates of
astronomical interest. In order to produce laboratory analogs of
interstellar dust silicates, four main criteria were considered:

– The samples (or a mixture of these samples) should reflect
the interstellar dust silicates of "mean" cosmic composition.

– The samples have an olivine or pyroxene stoichiometry.
– The samples contain differences in the Mg:Fe ratio.
– The sample set contains both amorphous and crystalline sil-

icates.

The composition of the samples present in our study is cho-
sen in such a way that mixtures of these samples can reflect the
cosmic silicate mixture as described by Draine & Lee (1984).
According to observations of 10 and 20µm feature in the in-
frared, the silicate dust mixture consists of an olivine andpy-
roxene stoichiometry (Kemper et al. 2004; Min et al. 2007). The
dominating component seems to be silicates of an olivine sto-
ichiometry (Kemper et al. 2004). Min et al. (2007) show that
the stoichiometry lies in between that of olivine and pyroxene,
which suggests a mixture of these two silicate types. Therefore,
our sample set contains both pyroxenes and an olivine silicate.
The samples show variations in the Mg:Fe ratio. These varia-
tions reflect the results from previous studies of interstellar dust.
Kemper et al. (2004) infer from the observed stellar extinction

that Mg/(Mg+Fe)∼0.5, whereas Min et al. (2007) conclude that
Mg/(Mg+Fe)∼0.9. Silicates with a high magnesium fraction of
Mg/(Mg + Fe)∼0.8 have been found in environments that show
silicates with a crystalline structure, for example aroundevolved
stars (Molster et al. 2002a,b,c; de Vries et al. 2010), in comets,
(Wooden et al. 1999; Messenger et al. 2005) and in disks around
T Tauri stars (Olofsson et al. 2009). Therefore, our sampleshave
ratios of Mg/(Mg+Fe) that vary between 0.5 and 0.9. The sample
set also contains both amorphous and crystalline silicates.

Besides the two amorphous pyroxene samples present in this
set, another highly suitable candidate would be an amorphous
olivine, which is not present in this analysis. In general, amor-
phous olivine is difficult to synthesize, because this particular
silicate crystallizes extremely quickly. A rapid-quenching tech-
nique is necessary to prevent the crystallization process.For
compounds with a higher iron content, this technique may not
be fast enough to prevent both phase separation and crystalliza-
tion. Even at moderately high Fe contents, the silicates would
show variations of the Mg:Fe ratio throughout the sample. These
variations are problematic in the comparison with their crys-
talline counterpart. In the initial phase of this campaign,we
indeed also analyzed the amorphous olivine, originally used in
Dorschner et al. (1995). The inspection with the electron micro-
scope revealed this particular sample to be both partially inho-
mogeneous in composition and contaminated by tungsten. This
element has significant M-edges around the Si K-edge (i.e., the
M1-M5 edges of tungsten fall in a range between 1809 and 2819
eV, where the Si K-edge is at 1839 eV). For these reasons, the
amorphous olivine from Dorschner et al. (1995) was discarded
at a very early stage of this campaign, as it was unsuitable for
fluorescence measurements in the X-rays.

3.2. Analysis of laboratory data

Ideally one would like to measure the absorption of the sam-
ples directly in transmission through the sample, because this
would resemble the situation in the ISM more closely. However,
to measure the dust samples in transmission around the energy of
the Si K-edge, we need optically thin samples, which impliesa
sample thickness of 1.0 - 0.5µm. This is impossible to obtain for
practical reasons. In our analysis of the silicon K-edge we make
use of optically thick samples (i.e., the sample is much thicker
than the penetration depth) and therefore it is necessary touse
a different technique with which the absorption can be derived.
There are two processes that can be used in this case, which oc-
cur after the core electron is excited by an X-ray photon. The
excited photo-electron leaves a core hole. This can be filledby
an electron from a higher shell that falls into the vacancy. The
excess energy can either be released as a fluorescent photon or
another electron gets ejected. The latter is called the Auger effect
(Meitner 1922). Depending on the attenuation of the signal,both
effects can be used to derive the amount of absorption around
the edge. Since the fluorescent signal of our measurements was
strong enough, we used the fluorescent measurements of the Si
Kα line in our analysis of the Si K-edge.

The absorption (given here by the absorption coefficient
α(E)) can be derived from the fluorescent spectrum by dividing
the fluorescent intensity (I f ) by the beam intensity (I0).

α(E) ∝ I f /I0 (1)

The samples were analyzed at the Soleil synchrotron facility
in Paris using the Lucia beamline. They were placed in the X-ray
beam and the reflecting fluorescent signal was measured by four
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Fig. 1.Example of the difference between the sample corrected for satu-
ration and the uncorrected measurement. Shown is sample 3, crystalline
pyroxene. The lower panel shows the ratio of the corrected and uncor-
rected measurement.

silicon drift diode detectors. The beam has an energy range of
0.8 - 8 keV. The energy source of the X-ray beam is an undula-
tor, which creates a collimated beam. The beam is first focused
by a spherical mirror and then passes two sets of planar mirrors
that act as a lower pass filter. This procedure reduces the high-
order contamination from the undulator and the thermal load
received by the monochromator crystals. The monochromator
crystals then rotate the beam and keep the exit beam at a constant
height. There are five different crystals available. During our
measurements, we made use of the KTP monochromatic crys-
tals. In the energy range of 1280 to 2140 eV, the KTP monochro-
matic system has an energy resolution between 0.25 and 0.31
eV (Flank et al. 2006). The beam energy can be increased grad-
ually (stepped by the resolution of the monochromator) in order
to measure the absorption at the pre-edge (1800 - 1839 eV), the
edge itself (at 1839 eV), and the post-edge (1839 - 2400 eV). The
measurements were made with 0.5 eV energy spacing between
measurements close to the edge. The added signal of the four
silicon drift diode detectors yields the total fluorescent spectrum
from the sample, from which the absorption coefficientα(E) can
be derived using the beam intensityI0 as indicated in Equation 1.

All six samples were stuck on two identical copper sample
plates. The silicates were ground to a powder and pressed into a
layer of indium foil, which made it possible for the samples to
stick to the copper plates. Each sample was measured twice and
therefore four measurements of each compound were obtained.
This was done to avoid any dependence in the measurement on
the position of the sample on the copper plate. The average of
the four measurements is used in this analysis. The dispersion
among the measurements is small; 3%.

The measurements of the samples were corrected for pile-up
and saturation. Pile-up is caused by the detection of two photons
instead of one at the same time on the detector. This can be seen
on the detector as an extra fluorescent line at twice the energy
of the expected fluorescent Kα line. This means that some of the

intensity of the original line would be lost. To correct for this ef-
fect, we isolated both the silicon fluorescent line and the associ-
ated pile-up line from the fluorescent spectrum. The contribution
of the pile-up line is then weighed and added to the original line.
A comparison between the corrected and uncorrected data shows
that the influence of pile-up in the sample is minimal (< 1%).

As indicated by Equation 1, the intensity of fluorescence is
proportional to the absorption probability, but this is a slight
oversimplification. The fluorescent light has to travel through the
sample before it can be detected. On the way through the sam-
ple, the photons can be absorbed by the sample itself and the flu-
orescence intensity is attenuated. This effect is called saturation.
This means that the measured fluorescent signalI f is no longer
proportional to the absorption coefficient. In our measurements,
the samples were all placed at an angleθ = 45◦; therefore, the
angular dependence can be neglected. Another advantage of po-
sitioning the sample in this way is, that the beam and the detector
are now at a 90◦ angle. Due to the polarisation of the radiation
from the incident beam, the beam is greatly suppressed at this
angle and almost no radiation from the beam can reach the de-
tector directly. The measured fluorescence intensity divided by
the intensity of the beam can now be expressed as:

I f

I0
= ǫ f

Ω

4π
αe(E)

αtot(E) + αtot(E f )
[1 − e−[αtot(E)+αtot(E f )]xn/ sin(θ)] (2)

In this equation,ǫ f is the fluorescence efficiency,xn/ sin(θ) is
the effective optical path (wherexn is the penetration depth into
the sample andθ is the angle between the sample surface and
the beam),Ω is the solid angle of the detector,E f is the energy
of the fluorescent X-ray photons,αe(E) is the absorption from
the element of interest andαtot is the total absorption defined
as:αtot = αe(E) + αb(E). αb(E) denotes the absorption from all
other atoms and other edges of interest. For concentrated sam-
ples,αb(E) can become dominant and the XAFS will be damped
by this saturation effect. In the ISM, the dust is very diluted, so
saturation will not occur in real observations, but has to becor-
rected for in bulk matter.

In the case of a thick sample, the exponential term in Equa-
tion 2 becomes small and can be ignored:

I f

I0
= ǫ f

Ω

4π
αe(E)

αtot(E) + αtot(E f )
(3)

The correction has been done using the FLUO software de-
veloped by Daniel Haskel. FLUO is part of the UWXAFS soft-
ware (Stern et al. 1995). A detailed explanation of this correction
can be found in Appendix 1.1 This routine uses tabulated ab-
sorption cross-sections to correct most of the distortion in order
to recover the actual absorption coefficient. In comparison to the
correction for pile-up, the correction of the absorption spectra
for saturation is considerable as can be seen in Figure 1.

Figure 2 shows the amount of absorption, indicated by the
cross-section (in arbitrary units), corrected for saturation and
pile-up as a function of the energy of the silicon K-edge for all
the samples. This figure shows the differences in the XANES for
different compounds. The structure of olivine (sample 1), for ex-
ample, shows a peak at 6.69 Å that is not observed in the pyrox-
ene samples. There is also a clear difference between amorphous
and crystalline samples. Indeed, the structures that are present
between 6.70 and 6.66 Å in sample 3, for example, are washed
out in the amorphous counterpart: sample 2.

1 http://www.aps.anl.gov/~haskel/fluo.html
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Fig. 2. The Si K-edge of the six samples. The x-axis shows the energy in Å and the y-axis shows the amount of absorption indicated bythe
cross-section (in Mb per Si atom).

Table 1.Samples

No. sample 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 Hypersthene Mg1.502Fe0.498Si2O6 crystal

Notes.∗Sample 4 contains a very small amount iron, which is not sig-
nificant in our analysis. The Fe:Mg ratio is 4× 10−2.

4. Extinction cross-sections

We derived the amount of absorption of each sample in arbi-
trary units from the laboratory data. These measurements need
to be converted to extinction cross-sections (in units Mb) in order
to implement them into the AMOL model of the fitting routine
SPEX (Kaastra et al. 1996) for further analysis. The total extinc-
tion cross-section can be calculated by using the Mie theory(Mie
1908). In order to do so, we first need to derive the optical con-
stants of the samples. In this section, we explain the methods
used to obtain the extinction cross-section of each sample.

4.1. Optical constants

When light travels through a material, it can be transmitted, ab-
sorbed, or scattered. The transmittanceT is defined as the ratio

of transmittedI and incident lightI0. The amount of light that is
absorbed or transmitted depends on the distance the light trav-
els through the material and on the properties of the material.
The transmittance is described by the Beer-Lambert law (Equa-
tion 4):

T =
I
I0
= e−αx = e−x/l (4)

In this equation,x is the depth of the radiation in the mate-
rial andα is the extinction coefficient. The transmittance is also
equivalent toe−x/l, wherex is again the depth of the radiation
into the material andl is the mean free path (e.g., the average
distance travelled by a photon before it is absorbed). The extinc-
tion coefficient depends on the properties of the material and is
independent of the distancex traveled through medium. How-
ever,α does depend on the wavelength of the incident light. It
can be expressed asα = ρκλ, whereρ is the specific density of
the material andκλ is the cross-section per unit mass. The Beer
Lambert law is an approximation, assuming that the reflections
at the surfaces of the material are negligible. In the X-rays, the
contribution of reflection becomes very small.

In order to determineα from our measurements, we trans-
form the absorption in arbitrary units obtained from the labo-
ratory fluorescent measurements in section 3, to a transmission
spectrum. In order to do this, we use the tabulated values of the
mean free pathl provided by the Center for X-ray Optics at
Lawrence Berkeley National laboratory2. These values ofl are

2 http://www.cxro.lbl.gov/
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calculated at certain energies over a range from 10 to 30000 eV.
For each compound, the value ofl can be determined over this
range, taking the influence of all the possible absorption edges
of the compound into account. Subsequently, Equation 4 can be
used to calculate the transmissionT . We assume thatx mimics an
optically thin layer of dust to resemble the conditions in the ISM.
Becauseα is independent of the depth the light travels into the
material, we only need to make sure that we choose an optically
thin value ofx. Around 1839 eV, which is the position of the Si
K-edge,l has a value of 3− 5µm (depending on the pre- or post
edge side). This means that if we select a thickness of 0.5µm
(a value far below the penetration depth), the sample becomes
optically thin and in that way we can mimic the conditions in the
diffuse ISM. We now transform our absorption in arbitrary units
from the laboratory data of section 3 to transmission in arbitrary
units. This laboratory transmission spectrum can be fitted to the
transmission spectrum obtained from tabulated data. In this way,
we can determineα as a function of energy (or wavelength) in
detail around the edge, sinceα = − ln T

x .
In order to eventually determine the absolute extinction

cross-section of the silicate we need to calculate its refractive
index. The complex refractive indexm is given by:

m = n + ik, (5)

wheren andk are the real and imaginary part ofm (also referred
to as optical constants).

The imaginary part of the refractive index depends on the
attenuation coefficientα:

α =
4πk
λ
. (6)

Since we already obtainedα from the laboratory data in com-
bination with the tabulated values, the imaginary part of the re-
fractive index can be derived:

k =
αλ

4π
. (7)

The real and imaginary part of the refractive index are not in-
dependent. They are related to each other by the Kramers-Kronig
relations (Bohren 2010), in particular by:

n(ω) = 1+
2
π

P
∫ ∞

0

ω′k(ω′)
ω′2 − ω2

dω′, (8)

whereω is the frequency at which the real refractive index is
evaluated andP indicates that the Cauchy principle value is to
be taken. The real part of the refractive index can be calculated
using a numerical solution of the Kramers Kronig transforms.
In this paper, we use a numerical method using the fast Fourier
transform routines (FFT) as described in Bruzzoni et al. (2002).
An example of the real and the imaginary part of the refractive
index of sample 1 (olivine) is shown in Figure 3.

4.2. Mie scattering calculations

When the optical constantsn andk are calculated, we proceed
with deriving the extinction cross-section for comparisonwith
observational data. We use Mie theory to calculate the extinction
efficiency (Qext(λ, a, θ)), calculated at each wavelength (λ) and
particle size (a). The application of the Mie theory makes it pos-
sible to consider the contribution of both scattering and absorp-
tion to the cross-section. We assume a smooth dust distribution
along the line of sight.

We use the grain-size distribution of Mathis et al. (1977)
(MRN) with a grain size interval of (a−, a+) is (0.005, 0.25µm).
The MRN size distribution depends on the physical and chemical
state of the dust grains. It is described by the following equation
(in the case of silicate particles):

n(a)da = AinHa−3.5da (9)

In this equation,a is the particle size.A is the nor-
malization constant, which depends on the type of dust. In
the case of silicate (relevant in this paper):Asil = 7.8 ×
10−26 cm2.5 (H − atom)−1) (Draine & Lee (1984)).n(a) is the
number of grains andnH is the number density of H nuclei (in
both atoms and molecules).

One of the main advantages of using a MRN distribution
is the simplicity of the model, which prevents the introduction
of many free parameters. We can now calculate the extinction
cross-sectionCext by applying the Mie theory (Mie 1908). We
use the MIEV0 code (Wiscombe 1980), which needsm andX,
whereX = 2πa

λ
, as input and returns the extinction extinction

cross-sectionCext.
To obtain the total scattering cross-section per wavelength

unit (σext(λ)), we need to integrate over the particle size distri-
bution.

σext(λ) =
∫ a+

a−

Cext(a, λ)n(a)da (10)

To make the extinction cross-sections of the compounds
compatible with the Verner cross-sections used by SPEX, we
need to subtract the underlying continuum of the Henke tables
(Henke et al. 1993). We remove the slope of the pre and post-
edge by subtracting a smooth continuum in an energy range of
1.7-2.4 keV, which does not contain the edge. The result for sam-
ple 1 (olivine) is shown in Figure 4. The continua have been
calculated in the same way as the edges, but in this case the
atomic edge jump was taken out of the cross-section. We then
calculate the extinction cross-section in the same way as isde-
scribed above, to obtain the continuum without the edge. To re-
move the continuum of the extinction profile, we subtract the
continua without edges. This subtraction, which was done over
the full energy range, puts cross-section of the pre-edge atzero
and therefore the scattering feature before the edge obtains a neg-
ative value. We then implement the models in SPEX. During the
fitting, the continuum is naturally given by the X-ray continuum
emission of the source.

A side note has to be made that SPEX fits the edges to the
Verner tables instead of Henke. This means that there is a small
discrepancy between the two parametrizations of approximately
2-5 percent, around the silicon edge (J. Wilms, private commu-
nications). This is well within the limit of precision that we can
achieve from observations.

5. GX 5-1

As a first test of these new samples, we apply the new models to
the source GX 5-1, which serves as a background source to ob-
serve the intervening gas and dust along the line of sight. GX5-
1 is a bright low-mass X-ray binary at (l, b) = (5.077,−1.019).
Christian & Swank (1997) estimated distance to GX 5-1 to be 9
kpc. However, this distance may be regarded as an upper limit
and the actual distance could be up to 30% (or 2.7 kpc) less, be-
cause the luminosity derived from the disk model used in their
analysis exceeds the Eddington limit for accretion of either hy-
drogen or helium. GX 5-1 has been observed multiple times, for
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Fig. 3. The refractive index of sample 1 (olivine). The upper panel shows the real of the refractive index (n) and the lower panel shows the
imaginary part of the refractive index indicated byn andk respectively.

Fig. 4. Model of the Si K-edge of olivine (sample 1) as implemented
in SPEX, without the continuum of the extinction profile. Thecross-
section in Mb is given per Si-atom.

instance byEinstein (Christian & Swank 1997; Giacconi et al.
1979), as well as ROSAT using the Position Sensitive Propor-
tional Counter (Predehl & Schmitt 1995), and there are several
observations byChandra. In this work we use observations of
the high-resolution spectrum of GX 5-1 collected by the HETG
instrument on boardChandra. The Galactic coordinates com-
bined with the distance indicate that GX5-1 is located near the

Galactic center (assuming a distance towards the Galactic center
of 8.5 kpc). Due to the uncertainty in the distance of GX 5-1,
the source may either be in front, behind of embedded in the
Galactic center region (Smith et al. 2006). The proximity tothis
region enables us to probe the dust and gas along one of the dens-
est sight lines of the Galaxy. From CO emission observations
towards the line of sight of GX 5-1 (observed by Dame et al.
(2001)), Smith et al. (2006) concluded that there are three dense
regions along the line of sight, namely the 3 kpc spiral arm, the
Giant Molecular Ring and the Galactic center. The three regions
are at distances of 5.1, 4.7, and 8.5 kpc respectively, (Smith et al.
2006). The Giant Molecular Ring is assumed to be a region with
a high molecular cloud density, which can be found approxi-
mately half way between the Sun and the Galactic center. All
these regions may provide a contribution to the observed dust
along the line of sight. The observation in the analysis of this
paper therefore consists of a mixture of dust and gas in these
regions.

6. Data analysis of GX 5-1

The spectrum of GX 5-1 has been measured by the HETG
instrument of the Chandra space telescope. This instrument
contains two gratings: HEG and MEG with a resolution of
0.012 Å and 0.023 Å (full width at half maximum), respectively
(Canizares et al. 2005). The energy resolution of our modelsis
therefore well within the resolution of the Chandra Space Tele-
scope HETG detector. There are multiple observations of GX 5-
1 available in the Chandra Transmission Gratings Catalog and
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Archive 3, but only the observations in TE mode could be used
to observe the Si K-edge (OBSID 716). This edge is not readily
visible in the CC-mode, where it is filled up by the bright scat-
tering halo radiation of the source. The edge has a slight smear
as well as different optical depth. This effect is particularly evi-
dent in the CC mode, where the two arms of the grating are now
compressed into one dimension, together with the scattering halo
image (N. Schulz, private comm.).4

GX 5-1 is the second brightest persistent X-ray source after
the Crab Nebula (Smith et al. 2006) . Due to the brightness of the
source (with a flux ofF0.5−2keV = 4.7± 0.8× 10−10 erg cm−2 s−1

and F2−10keV = 2.1 ± 0.6 × 10−8erg cm−2 s−1 2), the Chandra
observation suffers from pile-up. This effect is dramatic in the
MEG data, but also has an effect on the HEG grating. We, there-
fore, cannot use the MEG grating and need to ignore the HEG
data below 4.0 Å. However, in this observation, GX 5-1 was also
observed using both a short exposure of 0.2385 ks and a long
exposure of 8.9123 ks. This is not a standard mode, but was es-
pecially constructed to evaluate the pile-up in the long exposure.
The spectrum with an exposure time of 0.2385 ks does not suffer
from pile-up due to the short exposure time per frame in the TE
mode and can therefore be used to determine both the continuum
and the hydrogen column density of the source.

Figure 5 shows the broad band spectrum of GX 5-1. The
spectrum shows the presence of a strong Si K-edge at 6.7Å
superimposed on a strongly rising continuum towards shorter
wavelength. The Si K-edge shows a strong transition with clear
absorption structure at shorter wavelength, which is the tell-tale
signature of solid-state absorption and an anomalous dispersion
peak at the long wavelength, which reveals the presence of large
grains (Van de Hulst 1958).

6.1. Continuum and neutral absorption

Before we can calculate the mixture of dust that best fits the data
of GX 5-1, we need to determine the column density of hydro-
gen (NH) towards GX 5-1 and the underlying continuum of the
source. Earlier research of Predehl & Schmitt (1995) using data
from the ROSAT satellite shows that the value of the column
density ranges between 2.78 and3.48×1022cm−2 depending on
the continuum model. The disadvantage of the ROSAT data is
that it only covers the lower-energy side (with 2 keV as the high-
est energy available (Trümper 1982)) of the spectrum and there-
fore prevents the fitting of the hard X-ray energy side. This made
it hard to predict which model would fit the spectrum the best
and in that way influenced the value ofNH. Other more recent
measurements of the value of the column density were taken by
Ueda et al. (2005); 2.8 × 1022 cm−2, based on fits on the same
Chandra HETG data used in this analysis and Asai et al. (2000);
3.07± 0.04× 1022 cm−2 (using ASCA archival data).

The short Chandra HETG exposure does not suffer from pile-
up and contains both the soft and the hard X-ray tail of the spec-
trum, therefore it can be used to derive the continuum and the
NH for this analysis. The spectrum is best modelled by two black
body curves using the bb model in SPEX. The spectrum is ab-
sorbed by a cold absorbing neutral gas model, simulated by the
HOT model in SPEX. The temperature of this gas is frozen to
a value ofkT = 5 × 10−4 keV, in order to mimic a neutral cold
gas. HEG and MEG spectra of the short exposure are fitted si-
multaneously with this model. The best fit for the continuum and

3 http://tgcat.mit.edu/
4 http://cxc.harvard.edu/cal/Acis/Cal_prods/ccmode/

ccmode_final_doc03.pdf

Fig. 5. The continuum of GX 5-1. Data from the HEG short exposure,
MEG short exposure and HEG long exposure (OBSID 716) were used
to fit the continuum. The resulting fit to each of the three datasets is
shown by a red line. The model consists of two absorbed black bodies.
The two black bodies in the model are shown in figure by the green
and blue lines. For clarity, only the black body models of theHEG grat-
ing (both long and short exposure) are shown and the MEG data has
been omitted in the figure, therefore each black body model shows two
curves.

Table 2.Broad band modelling of the source using HEG and MEG data
from Chandra HETG

NH 3.4± 0.1× 1022 cm−2

Tbb1 0.59± 0.02 keV
Tbb2 1.44± 0.05 keV
F0.5−2keV 4.7± 0.8× 10−10 erg cm−2 s−1

F2−10keV 2.1± 0.6× 10−8 erg cm−2 s−1

C2/ν 1169/1005

theNH is shown in Figure 5 and Table 2. It is necessary to con-
strain theNH well on the small wavelength ranges that are used
in the following part of the analysis. In this way, the continuum
is frozen and cannot affect the results of the dust measurements
(see section 6.2). Therefore, we use the HEG data of the long
exposure to further constrain the column density. In the short ex-
posure, we ignore the data close to the edge (6.2 - 7.2 Å), because
the long exposure provides a much more accurate measurement
of this part of the spectrum. In this way, the fit will not be biased
by the lower signal-to-noise in the short exposure in this region.
When we fit the model to the data, we obtain a good fit to the
data withC2/ν = 1.16. For now, we only take cold gas into ac-
count to fit the continuum spectrum. This resulted in a column
density of 3.40± 0.1× 1022 cm−2 (see Figure 5 and Table 2). All
the fits in this paper generated by SPEX are using C-statistics
(Cash 1979) as an alternative toχ2-statistics. C-statistics may be
used regardless of the number of counts per bin, so in this way
we can use bins with a low count rate in the spectral fitting.5

Errors given on parameters are 1σ errors.

5 See for an overview about C-statistics the SPEX manual:https://
www.sron.nl/files/HEA/SPEX/manuals/manual.pdf and http://

heasarc.gsfc.nasa.gov/lheasoft/xanadu/xspec/manual/

XSappendixStatistics.html
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Table 3.Depletion ranges used in the spectral fitting

Element Depletion range

Silicon 0.8− 0.97
Iron 0.7− 0.97
Magnesium 0.9− 0.97
Oxygen 0.2− 0.4

Notes.Depletion ranges in this table are based on depletion valuesfrom
Wilms et al. (2000), Costantini et al. (2012) and Jenkins (2009).

6.2. Fit to Chandra ACIS HETG data of the silicon edge

After obtaining theNH value, we fit the dust models of the six
dust samples to the Chandra HETG data. The shape of the con-
tinuum is fixed for now, to avoid any dependence of the fit on the
continuum. The column density used for this fit is theNH derived
in section 6.1 and can vary in a range of 1σ from this value. To
rule out any other dependence, we only use the data in a range
around the edge: 6− 9 Å. In this way we include the more ex-
tended XAFS features as well as part of the continuum in order
to fit the pre and post edge to the data. The depletion values and
ranges that were assumed for the cold gas component are listed
in Table 3. Furthermore, SPEX uses protosolar abundances for
the gas phase that are taken from Lodders & Palme (2009).

The SPEX routine AMOL can fit a dust mixture consisting
of four different types of dust at the same time. Therefore, we
test all possible configurations of the dust species and compare
all the outcomes. We follow the same method as described in
Costantini et al. (2012), where the total number of fitsn is given
by n = nedge!(4!(nedge− 4)!) andnedge is the number of available
edge profiles.

In Figure 6 we show the results of a fit of the SPEX model
to the observed spectrum of GX 5-1. The best fit is shown by
the red line. The mixture that fits the data best consists mainly of
crystalline olivine (sample 1, green line) and a smaller contribu-
tion of amorphous pyroxene (sample 5, purple line) and neutral
gas (blue line).

The reducedC2 value of the best fit is 1.05. We find that most
dust mixtures that contain olivine fit the edge well and when
pyroxene, with a high concentration of iron, is added to the fit,
we obtain even better fits. When olivine is left out of the fit, the
reducedC2 values increase from 1.05 to values of approximately
2. From our fitting procedure, we conclude that the dust mixture
consists of 86± 7% olivine dust and 14± 2% pyroxene dust.

We calculated the dust abundances of silicon, oxygen, mag-
nesium and iron to be respectively 4.0 ± 0.3 × 10−5per H atom,
17 ± 1 × 10−5 per H atom, 6.1 ± 0.3 × 10−5 per H atom, and
1.7± 0.1× 10−5per H atom. Unfortunately, the depletion hits the
higher limit of the ranges set in Table 3. These ranges were set
in order to keep the fit within reasonable depletion values. For
this reason, we can only give upper limits to the depletion val-
ues we found, which are for O:< 0.23, for Mg: < 0.97, for
Si: < 0.87 and for Fe:< 0.76. Table 4 lists the total column
density, the depletion values, dust abundances, total abundances
(including both gas and dust), and solar abundances for all the
elements mentioned above. The total abundances can only be
given as lower limits, since we can only put a lower limit on the
gas abundance due to the upper limits on the depletion values.
From our best fitting dust mixture, the total abundance of silicon
along the line of sight towards GX 5-1 can be calculated using
the column density of the best fit and the total amount of silicon

atoms in both gas and solid phase. The resulting abundance is:
> 4.4× 10−5 per H atom. The gas to dust ratio of silicon is 0.22.

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

Hot ionized gas along the line of sight might influence the silicon
edge. In the energy range of the edge, we may observe absorption
lines of this hot gas that may influence the shape of the silicon
absorption edge. It may also be possible that this hot gas is intrin-
sic to the source. To be certain that this is not the case, we fitted
the edge again as described above, but this time we add a slab of
hot gas along the line of sight to our model. The lower and upper
limits of the gas temperature are based upon the ionization frac-
tions of neon by Yao & Wang (2005) and Yao et al. (2006). They
observed hot gas in the ISM and compare the observed lines to
ionization fractions for O, Ne, and Fe to determine the temper-
ature of the gas. In this paper, we use the NeIX line to set the
lower and upper limit of the hot gas (0.08 - 2.7 keV). At these
temperatures of the hot gas, helium-like transitions of Si can oc-
cur at 6.69 and 6.65 Å. These lines can create additional features
in the Si K-edge, so we fit the edge again with SPEX including
an extra HOT model to model the hot gas. We do not detect any
ionized gas along the line of sight towards GX 5-1. The gas tem-
perature of the hot model hits the set limit of 0.08 keV, which
is too cold to form any absorption lines near the silicon K-edge.
Any ionized gas is therefore not likely to contaminate the SiK-
edge in this data set.

7. Discussion

7.1. Abundances towards GX 5-1

7.1.1. Si abundance

In section 6.2 we find that the abundance of silicon in dust is
4.0 ± 0.3 × 10−5 per H atom. We can compare this result to ob-
servations at infrared wavelengths in the solar neighborhood and
towards the Galactic center. The 10 and 20µm lines of the Si-O
bending and stretching modes were observed in order to measure
the silicon abundances. We derived these abundances using the
results from Aitken & Roche (1984), Roche & Aitken (1985),
and Tielens et al. (1996). The silicon abundance was derivedin
two different regions of the Galaxy, namely the local solar neigh-
borhood and a region close to the Galactic center. In the local
solar neighborhood towards sight lines of bright nearby Wolf-
Rayet stars the abundance of silicon in dust can be derived, re-
sulting in a value of 5.2±1.8×10−5 per H atom (Roche & Aitken
1984; Tielens et al. 1996). Measuring the Si abundance towards
the Galactic center from the 10µm absorption may be challeng-
ing. The abundances depend on an estimate of the visual ex-
tinction (AV ) derived from theNH/AV ratio for the local Solar
neighborhood from UV studies of the atomic and molecular hy-
drogen column densities (Bohlin et al. 1978), and this procedure
may be more uncertain towards the Galactic center (Tielens et al.
1996). The silicon abundance may therefore suffer from addi-
tional uncertainty. The same analysis has also been carriedout
for sight lines towards the Galactic center (Tielens et al. 1996;
Aitken & Roche 1984). Towards the sight line of a cluster of
compact infrared sources 2 pc away from the Galactic center
(Roche & Aitken 1985), the silicon abundance in dust was de-
rived, resulting in a value of 3.0± 1.8× 10−5 per H atom. This is
almost half of the value of the dust abundance measured in the
local solar neighborhood. This discrepancy is not well under-
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Fig. 6.The fit to the spectrum of GX 5-1 is shown in red. The contribution of the continuum is divided out. The other lines shows the contribution
of the absorbing components to the transmission. The purpleline shows the contribution of pyroxene (sample 5), the green line the contribution
of olivine (sample 1) and the blue line the contribution of gas. The lower pannel shows the model residuals of the fit in terms of the standard
deviation,σ.

Table 4.Abundances and depletions

Element Ntot depletion AZ Adust
Z AZ/A⊙

(10−5 per H atom) (10−5 per H atom)

Silicon > 1.4 < 0.87 > 4.4 4.0± 0.3 > 1.14
Iron > 0.7 < 0.76 > 2.5 1.7± 0.1 > 0.79
Magnesium > 2.1 < 0.97 > 6.2 6.1± 0.3 > 1.6
Oxygen > 23 < 0.23 > 64 17± 1 > 1.06

Notes.Abundances are indicated byAZ . Solar abundances are taken from Lodders & Palme (2009). Total column densities (gas and dust)N tot are
in units of 1018cm−2.

stood. An explanation could be that the difference in abundance
is caused by presence of large particles (grain sizes> 3µm) near
the Galactic center, which, however, is difficult to observe in the
infrared (Tielens et al. 1996).

The abundance of silicon in dust found in section 6.2, falls
in between the two results for the local ISM and the Galac-
tic center obtained in the infrared. When we consider the total
abundance (including the contribution from gas), this increases
the total abundance to> 4.4 × 10−5 per H atom, which would
correspond more with values found in the local solar neigh-
borhood than those of the Galactic center. When we compare
the total abundance of silicon to the protosolar abundance from
Lodders & Palme (2009), we find only a small deviation from
the solar abundance, namely:AZ/A⊙ > 1.14. Furthermore, since
we probe the inner regions of the Galaxy, it is not unrealistic to

encounter a total abundance of silicon larger than solar along the
line of sight.

Another comparison can be made using the observations to-
wards the low-mass X-ray binaries 4U 1820-30 (Costantini etal.
2012) and X Per (Valencic & Smith 2013). In contrast to GX 5-1,
these lines of sight probe the diffuse ISM. Towards 4U 1820-30
the abundance is 4.80.8

−0.5 × 10−5 per H atom and towards X Per is
3.6± 0.5× 10−5 per H atom. The lower limit of the Si abundance
found in our analysis does, therefore, agree with the results of
the diffuse ISM. The actual value of the Si abundance might in-
deed be higher than the average Si abundance in the diffuse ISM,
but we need upper limits to the abundances to confirm this by
obtaining better estimates on the depletion values. This may be
obtained by releasing the range on the silicon depletion, which
is discussed in section 7.1.2.

Article number, page 10 of 16



S.T. Zeegers, E. Costantini, C.P. de Vries, A.G.G.M. Tielens: The silicon K-edge of GX 5-1

7.1.2. Depletion of silicon

Since the depletion value of silicon reached the lower limit, we
also show the results of a fit without restrictions on the silicon
depletion values. These results are shown in Table 5 and Fig-
ure 7. By releasing the range on the silicon depletion, we geta
better impression of the total abundance of silicon.

Since we are currently analyzing the K-edge of silicon, we
are able to directly measure the abundance of depletion in both
gas and dust of this element only. The abundances of other ele-
ments are derived indirectly from the model and their depletion
values should thus be kept in a limited range. We performed the
fit again, leaving the depletion of Si free to vary without pre-
defined boundaries. In this case, we obtain a depletion valueof
0.68 ± 0.12. This value is within the 1 sigma error consistent
with the value in Table 4. The best fit in Figure 7 shows the
same samples as the best fit in section 6.2 (namely sample 1
olivine and sample 5 pyroxene), but there is a relatively larger
contribution of gas, at the expense of the amorphous pyroxene
contribution. As a consequence, the dust abundance value isre-
duced. BothAZ andAZ/A⊙ are now constrained.AZ/A⊙ seems
to show a clearer overabundance of Si. This is expected in en-
vironments close to the Galactic center. The value of the total
silicon abundance,AZ = 5.0 ± 0.5 × 10−5 per H atom, is com-
parable with values found in the local solar neighborhood. The
differences betweenNtot, the depletion,AZ, Adust

Z , andAZ/A⊙ in
Table 4 and Table 5 are small in the case of the other elements:
Fe, Mg, and O. This is expected, because the range on the deple-
tion ranges of these elements were kept the same in both fits. The
number of fit parameters did not change, nor did the quality of
the fit. Therefore, the reducedC2 value of the fit remains at 1.05.
However, since the depletion of silicon in dense environments is
expected to be higher than 0.68± 0.12, as is shown in previous
studies (Wilms et al. 2000; Jenkins 2009; Costantini et al. 2012),
we conservatively keep the silicon depletion constrained by the
limits in Table 4 in further analysis of the edge.

7.1.3. Other abundances: oxygen, magnesium and iron

The abundances of the other elements are listed in Table 4. Sili-
con and oxygen show abundances comparable to the solar values
of Lodders & Palme (2009). Magnesium and iron show a devia-
tion from protosolar abundances. The abundances in the Galaxy
follow a gradient of increasing abundance towards the planeof
the Galaxy. In the inner regions of the Galaxy, the abundances of
the elements are expected to be supersolar (see section 1). Most
of the lower limits on the abundances correspond to values found
in studies of the diffuse ISM (Pinto et al. 2010; Costantini et al.
2012; Valencic & Smith 2013). Since we can only show lower
limits, we expect the true abundance to be higher, which would
correspond with the expected increase of abundances towardthe
region around the Galactic center. The abundance of magnesium
is supersolar, whereas the iron abundance in our result is sub-
solar. The missing iron can be present in other forms of dust.
A possibility could be that iron is included in metallic formin
GEMS (Bradley 1994).

7.2. Comparison to iron poor, amorphous, and crystalline
dust

An insightful way to compare the best fitting mixture to all the
other possible mixtures is by comparing the best fitting mixtures
with the two distinct variations in the samples: iron-rich/iron-
poor and crystalline/amorphous. We select three different types

Fig. 7.The upper panel shows a fit of the Si K-edge, where the depletion
of silicon is left as a free parameter without boundary values. The best
fitting mixture consist out of the same compounds as the fit in section
6.2: sample 1 (crystalline olivine) and sample 5 (amorphouspyroxene).
The lower panel shows the model residuals of the fit in terms ofthe
standard deviation,σ.

Fig. 8. Comparison of the best fit (upper left window) with iron poor
dust mixtures, strictly crystalline mixtures and amorphous mixtures.

of mixtures that we compare to the best fitting mixture, namely
an iron-poor mixture (since the best-fitting mixture is iron-rich),
a mixture of amorphous compounds and a mixture of crystalline
compounds. The results are shown in Figure 8.

The fit that resembles the best fit the most, is the fit contain-
ing only crystalline compounds. This fit consists only of olivine,
which is the compound that is dominating the best fit of section
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Table 5.Unconstrained silicon: abundances and depletions

Element Ntot Depletion AZ Adust
Z AZ/A⊙

(10−5 per H atom) (10−5 per H atom)

Silicon 1.8± 0.3 0.68± 0.12 5.0± 0.5 3.8± 0.5 1.30± 0.12
Iron > 0.7 < 0.75 > 2.5 1.7± 0.2 > 0.76
Magnesium > 2.1 < 0.97 > 6.1 6.3± 0.5 > 1.6
Oxygen > 23 < 0.22 > 0.63 16± 2 > 1.03

Notes. Same as Table 4, but depletion of silicon is left as a free parameter without boundary values. Abundances are indicated byAZ . Solar
abundances are taken from Lodders & Palme (2009). Total column densities (gas and dust)N tot are in units of 1018cm−2.

6.2. The fit improves when amorphous pyroxene is added. The
different compounds show a strong variation in the absorption
at wavelengths of less than 6.6Å relative to the K-edge at 6.7Å
Fig B.1. This difference causes the poor fits for amorphous or
iron samples (Fig 8). The resulting fits in Figure 8 strongly de-
pend on the amount of silicon atoms available in the solid state,
which is restricted by the column densityNH. As can be observed
in Fig B.1 not every edge of the samples is equally deep. Models
that produce deep absorption features around the edge, demand
the presence of a certain amount of silicon in dust present along
the line of sight. The amount of silicon present constrains the
best fitting model in this way. The result of fitting a sample to
the edge that requires a larger amount of silicon along the line of
sight can be observed in the iron poor and amorphous windows
of Fig 8. Here the edge of the models is too deep and the post
edge (which is here the part below 6.6Å) never recovers to fit the
data in this part of the plot. The amount of Si along the line of
sight can be enhanced if theNH increases. When we enhanceNH
to values> 5× 1022 cm−2 the iron poor and amorphous models
start to fit the edge, but such aNH is too high for GX 5-1. A
well-determined column density of hydrogen is, for this reason,
of great importance.

The best fit in section 6.2 shows that we detect 86± 7} of
crystalline olivine dust and only 14± 2% of amorphous pyrox-
ene dust. This result gives us a relatively high crystallinity, that
is, 79−93% of the total amount of dust has a crystalline structure.
This somewhat surprising result may be in line with recent re-
sults from the Stardust mission (Westphal et al. 2014) and detec-
tion of dust in external galaxies (Spoon et al. 2006; Kemper et al.
2011), which suggests that crystalline dust may be more abun-
dant than expected (Kemper et al. 2004); see section 1. Limita-
tions on this result are addressed in section 7.4.

7.3. Comparison with dust compositions along other sight
lines

We can compare the best fitting dust mixture to results from
studies of dust in the infrared and X-ray studies of dust in the
diffuse ISM. The bending and stretching modes of silicon in
the infrared are often attributed to a mixture of enstatite and
olivine (Kemper et al. 2004; Chiar & Tielens 2006). More de-
tailed studies on the dust composition can be acquired from X-
ray studies. Studies of the diffuse ISM show variation of the
composition of the ISM along different lines of sight (Lee et al.
2009; Pinto et al. 2010; Costantini et al. 2012; Valencic & Smith
2013). From studies of the Fe L and O K-edge, Pinto et al.
(2010) concluded that the dust composition of interstellardust
is probably chemically inhomogeneous, since they found indi-
cations for iron rich silicates toward X-ray binary GS 1826-238.
Lee et al. (2009), on the contrary, find that Fe oxides providea
better fit to the data of Cyg X-1. Costantini et al. (2012) con-

cluded from an analysis of the oxygen K-edge and the iron L-
edge of the source 4U 1820-30, that GEMS could possibly be
present along this line of sight. Their best fitting mixture,is a
mixture of enstatite and metallic iron, which suggests thatthe
dust in this region mostly consists of enstatite with metallic in-
clusions.

Along the line of sight toward X Per a dust mixture of
MgSiO3 and iron bearing silicates such as Mg1.6Fe0.4SiO4 pro-
vide a good fit to the observed spectrum (Valencic & Smith
2013). They conclude that although MgSiO3 is the dominating
compound, the fit improves when iron-bearing silicates are in-
cluded. The best fitting dust mixture in this study consists of the
compounds that contain the largest amount of iron availablein
our set of compounds. Compared to the amount of magnesium
present in these samples however, we can still consider thisdust
mixture as relatively iron poor. This is also reflected in theabun-
dances of iron and magnesium of the best fit.

7.4. Limiting factors in the analysis of the Si K-edge

The modeling of a photo-electric edge such as the Si K-edge
involves many components, which may influence the resulting
shape of the edge. This requires a careful analysis of the resulting
best-fit. This paragraph provides more insight into the quality of
the fits and the limitations that arise in the analysis.

The quality of the fit depends in the first place on the reso-
lution of the instrument. The observations used in this analysis
were observed with the HEG grating of theChandra X-ray tele-
scope. This grating provides us with the best resolution currently
available close to the Si K-edge. The bright source providesus
with a high flux near the Si K-edge and the edge falls well within
the range of the grating, where the effective area of the instru-
ment is large. The minimum S/N per bin near the Si K-edge is
20, which is sufficient for the study.

Additionally, the accuracy of the results depends on the de-
grees of freedom of the fit and, of course, on the completenessof
the dust models. SPEX allows a maximum input of four different
dust components in the same fit. If we examine the output of the
fits for all the possible dust mixtures, most of the resultingfits
contain two dust components with negligible contribution from
the other two possible components. In almost all the fits, oneof
the dust components dominates. The contribution of the second
component is, in most cases, no more than 20% and in two cases
there is a contribution of a third component, which is never more
than 1−2%. When we analyze the fits that are within 3 sigma of
the best-fit values presented in section 6.2, the dominatingcom-
ponent in these fits is crystalline olivine. Interestingly,all the
dust mixtures where olivine is not included do not fall within 3
sigma of our best fit and can be ruled out.

Our set of models is sufficient for a pilot study of the Si
K-edge, but should be expanded for further analysis. The main
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limiting factor in this analysis is the absence of an amorphous
olivine model as a counterpart to the crystalline olivine model
(See section 3.1). We note that the crystalline counterpartcannot
be taken as a proxy for the amorphous one. As an example, see
the profiles of pyroxenes in amorphous and crystalline form in
Figure 2. The sharp features of the XAFS in the observation of
GX 5-1 are indicative of a crystalline structure (Figure 2).How-
ever, if the shape of the amorphous olivine would follow thatof
a crystalline counterpart albeit less sharp, the fit may allow the
presence of more amorphous olivine. At the moment we are un-
able to test this (see the discussion in section 3.1). Therefore,
we conclude that the interesting possibility of a high fraction of
crystalline dust along this line of sight must be further verified.

Another limitation in our analysis could be the Mg:Fe ra-
tio in our samples. The resulting abundances and depletion val-
ues in our analysis depend strongly on the best-fitting dust mix-
ture. The silicates in our sample are mainly olivines and pyrox-
enes with different Mg:Fe ratios. All the samples are relatively
iron poor with a maximum Fe contribution of Mg/(Mg+Fe) of
0.6 and although there are indications that interstellar and cir-
cumstellar may indeed be iron poor (Molster et al. 2002a,b,c;
Chiar & Tielens 2006; Blommaert et al. 2014), it would be ben-
eficial to include silicates with a higher iron content.

In order to better constrain the depletion values, it is neces-
sary to expand the fit to a broader wavelength range and incor-
porate multiple edges in the analysis depending on the observed
NH. In the case of GX 5-1 iron cannot be directly observed.
The NH is not high enough to imprint a significant Fe K-edge.
On the lower energy side, interstellar absorption suppresses the
Fe L-edges at∼ 0.7 keV and the O K-edge at 0.543 keV. The
iron abundance in silicates can therefore only be inferred from
the best fitting dust mixture. Finally, the Mg K-edge in GX 5-
1 suffers from a lower signal to noise ratio with respect to the
Si K-edge, mainly because of the relatively high column density
value. However, the Mg K-edge can in principle help signifi-
cantly in breaking model degeneracies.

7.5. Scattering and particle size distributions

We use a MRN distribution to describe the particle size dis-
tribution. The distribution with particles sizes ranging between
0.005µm and 0.25µm implies that most of the mass is in the
large particles, while most of the surface area is in the small
particles. MRN offers a simple parameterization, useful in this
study. It is beyond the scope of this paper to test more so-
phisticated models such as Weingartner & Draine (2001) and
Zubko et al. (2004). We note, however, that these size distri-
butions have a maximum size cutoff around 0.25µm and the
silicate-type distributions do not differ dramatically from one an-
other.

In Figure 6, it can be observed that there is a feature between
6.8Å and the edge at 6.7 Å. The MRN distribution predicts a
large amount of small particles in our models. These particles do
not add significantly to the scattering features of the extinction
profiles. The model does not fit the data in the area around 6.7 Å,
well, which may indicate the presence of larger particles along
the line of sight than present in our model (Van de Hulst 1958).
This section therefore contains an investigation of the effect of
the particle size distribution and focuses, in particular,on the
presence of particles larger than 0.25µm. In order to model the
enhancement of the scattering peak around 6.7Å we introduce a
range of particle sizes: 0.05− 0.5µm. The effect of a change in
the size distribution is shown in Figure 9. The olivine Si K-edge

Fig. 9. The effect of a change in the size distribution on the extinction.
The olivine Si K-edge with an MRN distribution with particlesizes of
0.005− 0.25µm micron is shown in red. The blue line shows the same
edge, but now the particle sizes range between 0.05− 0.5µm.

with a MRN distribution with particle sizes of 0.005−0.25µm is
shown in red and in blue the same edge is shown but now with a
MRN size distribution that has a particle range of 0.05− 0.5µm.

The edge is fitted again with models of the same compounds,
that contain the new particle distribution. We use the same pa-
rameters as in the first fit in section 6.2. The results are shown in
Figure 10. The reducedC2 value of the best fit is: 1.08. There is a
small contribution (of less than 2% of the total amount of dust) of
hypersthene (sample 6) in this fit in addition to amorphous py-
roxene (sample 5) and crystalline olivine (sample 1). The con-
tribution is so small that it does not significantly change any
of the results derived above. The silicon abundance remainsat
4.0±0.4×10−5 per H atom. The scattering feature before the edge
is better fitted using a model with larger particles, which leads to
the possibility of the presence of particles larger than 0.25µm.
It is possible that in environments such as the Galactic center
region we observe a substantial amount of particles larger than
0.25µm (Ossenkopf et al. 1992; Ormel et al. 2009, 2011). In our
analysis, we assume that the dust particles are solid spheres,
while it is more likely that large particles in dense environments
are grown by coagulation of dust particles (Jura 1980). Porous
dust particles show an enhanced extinction profile when com-
pared to solid particles of the same mass due to their larger sur-
face area. Solid particles are too massive to be abundant enough
to cause the enhanced scattering. Another indicator that dust par-
ticles are non-spherical is the observation of polarized starlight.
Spheroidal grain models are able to reproduce these observations
(Kim & Martin 1995; Draine 2009) and allow for larger particles
in the size distribution (Draine 2009). The effects of large porous
grains in X-rays have also been studied by Hoffman & Draine
(2016). They conclude that grains with a significant porosity pro-
duce narrower forward scattering peaks than equal-mass non-
porous grains. Chiar & Tielens (2006) analyzed the possibility
of the presence of solid and porous spherical dust particlesalong
sight lines toward four Wolf Rayet stars. They conclude thata
mixture of solid and porous silicates fits the 9.7µm and 18µm
absorption features. The presence of large porous dust particles
along the line of sight toward GX 5-1 could be an explanation
for the observed prominent scattering features in the Si K-edge.
The presence of larger grains is also derived from studies of
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Fig. 10.The upper panel shows a fit of the Si K-edge with particles of
sizes in a range of 0.1 − 0.5µm. The best fitting mixture consist out
of the same compounds as the fit in section 6.2: sample 1 (crystalline
olivine) and sample 5 (amorphous pyroxene) with a small addition of
sample 6 (hypersthene). The lower panel shows the models residuals of
the fit in terms of the standard deviation,σ.

the mid-infrared extinction law. The extinction curve in the dif-
fuse ISM is represented byRV = 3.1, while higher values of
RV (i.e., 4-6) are observed for dense clouds, which may indi-
cate the presence of larger grains (Weingartner & Draine 2001).
Xue et al. (2016) calculate the intrinsic mid-infrared color ex-
cess from the stellar effective temperatures in order to determine
the mid-infrared extinction. They find that the extinction curve is
consistent with theRV = 5.5 model curve and agrees well with
the WD01 (Weingartner & Draine 2001) interstellar dust model.
The sight line toward GX 5-1 traverses the molecular ring and
likely probes a mixture of diffuse and dense medium. The dense
region may be associated with the molecular ring, characterized
by larger grains (Ormel et al. 2009, 2011).

8. Summary

In this paper, we analyze the X-ray spectrum of the low-mass X-
ray binary GX 5-1, where we focuse, in particular, on the model-
ing of the Si K-edge. The Si K-edges of six silicate dust samples
were measured at the Soleil synchrotron facility in Paris. Using
these new measurements, we calculated the extinction profiles
of these samples in order to make them suitable for the analy-
sis of the ISM toward GX 5-1. The extinction profiles of the Si
K-edge were added to the AMOL model of the spectral fitting
program SPEX. We obtained a best fit to the Chandra HETG
data of GX 5-1 and arrive at the following results:

1. We established conservative lower limits on the abundances
of Si, O, Mg, and Fe:ASi/A⊙ > 1.14, AO/A⊙ > 1.06,
AMg/A⊙ > 1.6, AFe/A⊙ > 0.79. Except for iron, all the
lower limits on the abundances show abundances similar to,
or above, protosolar values. We obtained upper limits on the
depletion:< 0.87 for silicon,< 0.23 for oxygen,< 0.97 for
magnesium and< 0.76 for iron.

2. There may be indications for large dust particles along the
line of sight due to enhanced scattering features in the Si
K-edge. The scattering feature longward of the Si K-edge is
better fitted using a model with larger particles, which in-
dicates the presence of particles larger than 0.25µm up to
0.5µm.

3. The sharp absorption features observed in the Si K-edge sug-
gest a possibly significant amount of crystalline dust with re-
spect to the total amount of dust. However, more laboratory
measurements are required to draw any conclusion on this
subject.
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Appendix A: Correction for saturation

In section 3, we describe the effect of saturation. In order to
correct for saturation, we used the FLUO correction code by
Daniel Haskel, which is part of the UWXAFS software package
(Stern et al. 1995). In this appendix, we give a brief summaryof
the correction method, which can also be found in the documen-
tation of the FLUO code. Equation 3 corresponds to pre-edge
subtracted data, that is, for energies lower than the edgeI f /I0,
which is zero. The signal can be normalized by performing an
edge-step normalization. The normalized signalN is given by:

N =

I f

I0
(E)

I f

I0
(E+0 )

=

[

ǫ f (E)αe(E)

ǫ f (E+0 )αe(E+0 )

][

αtot(E f ) + αb(E+0 ) + αe(E+0 )

αtot(E f ) + αb(E) + αe(E)

]

,

(A.1)

whereαtot = αb+αe, αe is the absorption from the element of
interest,αb denotes the absorption from all other atoms and other
edges of interest andE+0 indicates the energy above the main
absorption edge. Dividing the denominator byαe(E+0 ) gives:

N =
αe(E)
αe(E+0 )

ǫ f (E)

ǫ f (E+0 )

[

αtot(E f )
αe(E+0 ) +

αb(E+0 )
αe(E+0 ) +

αe(E+0 )
αe(E+0 )

αtot(E f )
αe(E+0 ) +

αb(E)
αe(E+0 ) +

αe(E)
αe(E+0 )

]

. (A.2)

Definingβ = αtot(E f )
αe(E+0 ) , γ = αb(E)

αe(E+0 ) , andγ′ =
αb(E+0 )
αe(E+0 ) and solving

for αe(E)
αeE+0

gives:

αe(E)
αe(E+0 )

=
N(β + γ)

(β + γ′ + 1)− N
. (A.3)

Since we are only concerned with a small energy range at the
interval of the XANES region, the following approximation was
made: ǫ f (E)

ǫ f (E+0 ) ≈ 1 in Equation A.3. Furthermore,αb(E) ≈ αb(E+0 )

which leads to:γ ≈ γ′. FLUO uses tabulated cross-section from
the McMaster tables to calculateβ andγ. It will also perform an

edge-step normalization in order to obtainN. In this way
αe(E)
αe(E+0 )

can be derived.
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Fig. B.1. Transmission of the six dust extinction models (absorption
and scattering) from the analysis of the Si K-edge. The silicon column
density has been set here to 1018 cm−2 for all the dust models. Each
model is indicated by a number which correspond to the numbers in
Table 1. The table also gives the chemical formula and the structure
(crystalline or amorphous) of the dust compound.

Appendix B: Si K-edge models

Here we show the extinction profiles around the Si K-edge for
the compounds used in this analysis. These profiles are imple-
mented in the AMOL model of the fitting code SPEX. The num-
bers of the samples correspond to the numbers given in Table 1
in which the chemical formulas and the structure (crystalline or
amorphous) are given. The absolute cross-sections of the models
used in this analysis are available in tabular form on the follow-
ing website:www.sron.nl/~elisa/VIDI/.
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