
Astronomy & Astrophysics manuscript no. output ©ESO 2026
May 6, 2026

Investigating interstellar dust along the line of sight of GX 13+1
using different dust-size distributions

B. Vaia 1, 2, 3, 4, S. T. Zeegers 4, 5, 8, I. Abril-Cabezas 6, 7, E. Costantini 4, 8

1 Scuola Universitaria Superiore IUSS Pavia, Piazza della Vittoria 15, 27100 Pavia, Italy
e-mail: beatrice.vaia@inaf.it

2 Department of Physics, University of Trento, Via Sommarive 14, 38123 Povo (TN), Italy
3 Istituto Nazionale di Astrofisica, Istituto di Astrofisica Spaziale e Fisica Cosmica di Milano, via A. Corti 12, 20133 Milano, Italy
4 SRON Space Research Organisation Netherlands, Niels Bohrweg 4, 2333 CA Leiden, The Netherlands
5 European Space Agency (ESA), European Research and Technology Centre (ESTEC), Keplerlaan 1, 2201 AZ Noordwijk, The

Netherlands
6 DAMTP, Centre for Mathematical Sciences, University of Cambridge, Wilberforce Road, Cambridge CB3 0WA, United Kingdom
7 Kavli Institute for Cosmology Cambridge, Madingley Road, Cambridge, CB3 0HA, United Kingdom
8 Anton Pannekoek Institute for Astronomy, University of Amsterdam, Science Park 904, NL-1098 XH Amsterdam, the Netherlands

Received: 22/10/2025; accepted: 27/04/2026

ABSTRACT

Context. High-resolution X-ray spectroscopy offers a powerful tool to investigate the physical and chemical properties of dust grains,
especially through the analysis of absorption edges of elements such as oxygen, magnesium, silicon, and iron, which are the main
constituents of interstellar dust. In all previous X-ray studies, these absorption edges have been modeled assuming the MRN grain-
size distribution. This model successfully reproduces the average interstellar extinction curve. However, with the advent of new
observations, it shows important limitations, indicating that more complex grain-size distributions are required to fully describe
interstellar dust properties.
Aims. We aim to constrain the composition and size distribution of interstellar dust along the line of sight to the bright low-mass
X-ray binary GX 13+1.
Methods. We analyzed high-resolution X-ray spectra obtained with the Chandra HETG instrument (MEG+1 and MEG−3) and
simultaneously modeled the Si K and Mg K absorption edges. For the first time, we compared the classical Mathis et al. (1977, ApJ,
217, 425) grain-size distribution with other grain-size distributions, thus exploring different ISM densities.
Results. Our analysis rules out scenarios of both very diffuse and very dense ISM, favoring grain-size distributions associated with
average Galactic conditions along this line of sight. The dust composition is found to be dominated by amorphous olivine and the
crystallinity contribution is about 2%. The depletion patterns and elemental abundances derived are consistent with prior X-ray and
infrared studies.
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1. Introduction

Understanding the composition and properties of interstellar dust
remains a fundamental challenge in astrophysics. Interstellar
dust is characterized by the composition, morphology, and size
distribution of its various particles, and by the abundance – rela-
tive to hydrogen – of its elemental constituents.

Over time, models of interstellar dust have progressively
evolved in response to increasingly detailed observational data.
One of the foundational models, proposed by Mathis et al. (1977,
hereafter MRN), successfully reproduced the average interstel-
lar extinction curve. This model describes dust as bare, spheri-
cal silicate, and graphite grains distributed in size according to
a power law with radii (a) ranging from 0.005 µm to 0.25 µm.
However, observations from the Infrared Astronomical Satellite
(IRAS) all-sky survey revealed limitations in the MRN model,
particularly an unexpected excess of 12 µm and 25 µm emission
from the diffuse interstellar medium (ISM), indicating that the
MRN distribution alone could not fully account for the observed
dust emission. This discrepancy led to the introduction of poly-
cyclic aromatic hydrocarbon (PAH) molecules as an additional

dust component, as first proposed by Allamandola et al. (1985).
Observations from the Cosmic Background Explorer (COBE)
confirmed the need for small carbonaceous grains, which were
subsequently included in dust models by Weingartner & Draine
(2001, hereafter WD01) and further investigated in more recent
works such as Hirashita & Murga (2020, hereafter HM20).

Regarding the composition, dust is generally categorized into
carbonaceous and silicate grains, with additional components
such as oxides (e.g., MgO and SiO2), carbides (e.g., SiC), and
metallic iron (Draine 2011). Infrared spectral analysis of sili-
cate grains indicates a preference for Mg-rich compositions with
stoichiometries between those of olivine and pyroxene (Kemper
et al. 2004; Min et al. 2007; Fogerty et al. 2016). Furthermore,
infrared observations suggest that less than 2% of interstellar
dust in the Galaxy exists in crystalline form (Kemper et al. 2004;
Do-Duy et al. 2020). On the other hand, the Stardust Interstellar
Dust Collector (Westphal et al. 2014) showed a large fraction of
crystalline material, probably preserved inside larger particles.

Dust has a strong impact on many astronomical observations.
First, it causes the extinction of radiation, mainly in the optical
and UV wavebands, which, for extragalactic objects, requires a
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correction accounting for dust both in our Galaxy and in the host
galaxy. Second, the thermal emission of interstellar dust contam-
inates astronomical observations at long wavelengths, signifi-
cantly affecting, in particular, the study of the cosmic microwave
background (CMB). Dust also plays a critical role in X-ray as-
tronomy, as it absorbs and scatters high-energy photons. The ad-
vent of modern X-ray observatories, such as XMM-Newton and
Chandra, has enabled detailed spectroscopic studies of these in-
teractions (e.g., Lee et al. 2002; Costantini et al. 2012; Pinto et al.
2013; Zeegers et al. 2019; Rogantini et al. 2019, 2020). The pres-
ence of solid particles modifies the X-ray absorption edges of
abundant metals, producing oscillatory modulations known as
the X-ray absorption fine structure (XAFS; Costantini & Cor-
rales 2022). These features are sensitive to both the composition
and the crystallinity of the dust grains, and even to the dust com-
position. This makes XAFS a powerful and independent probe
of the solid phase of the ISM, complementary to extinction, and
infrared-based studies. Models of the XAFS are based on labora-
tory measurements, in particular the Si K edge has been studied
by Zeegers et al. (2017) performing synchrotron measurements
as well as the Mg K edge studied by Rogantini et al. (2019).

The spectra of X-ray binaries provide an excellent opportu-
nity to study the absorption of dust and gas along their line of
sight (LOS). Galactic low-mass X-ray binaries (LMXBs) within
our Galaxy are particularly well suited for investigating XAFS
due to their their high flux, significant column densities, and rel-
atively simple spectra, with most sources showing no intrinsic
absorption features below 10 keV.

In this paper, we study the Si K and Mg K absorption edges
(1.84 keV and 1.3 keV) observed with the Chandra High-Energy
Transmission Grating Spectrometer (HETG) toward the bright
LMXB GX 13+1. For the first time, we directly compare the tra-
ditional MRN distribution with more complex grain-size mod-
els, including the WD01 distribution for three different values of
the ratio of total to selective extinction, RV , (3.1, 4.0, and 5.5)
and the Hirashita & Murga (2020) distribution for four distinct
dense gas fractions, ηdense (0.1, 0.3, 0.5, and 0.8). In addition, we
exploit for the first time the superior spectral resolution of the
third-order HETG spectrum at the Si K edge, enabling a more
robust characterization of the absorption profile and of the dust
properties along this LOS. We further note that this is the first
analysis not affected by the instrumental feature present in all
other spectra (see Appendix A). The paper is organized as fol-
lows: Section 2 introduces the dust-size distribution model, Sect.
3 outlines the data reduction process, Sect. 4 presents the anal-
ysis methodology and results, Sect. 5 discusses the implications
of our findings, and Sect. 6 summarizes our conclusions.

2. Dust-size distribution models

The X-ray silicate spectra adopted in this work are based on lab-
oratory measurements presented in Zeegers et al. (2017, 2019)
and Rogantini et al. (2020). Table 1 shows the dust species used
in this study, together with their chemical composition and struc-
tural state (crystalline or amorphous). The adaptation of the lab-
oratory measurements to X-ray spectra follows the general pro-
cedure described in Zeegers et al. (2017) and Rogantini et al.
(2018). Here we summarize the procedure and for details we re-
fer readers to the respective studies.

– From the laboratory measurements, the optical constants
were derived for each dust species (Zeegers et al. 2017, 2019;
Rogantini et al. 2020). The dimensionless optical constants

Table 1: Dust samples used in this paper, with their chemical
formula, form, and references.

Name Chemical formula Form References
Olivine MgFeSiO4 amorphous [2],[3]
Olivine Mg1.56Fe0.4Si0.91O4 crystalline [1],[2],[3]
Fayalite Fe2SiO4 crystalline [2]
Forsterite Mg2SiO4 crystalline [2],[3]
Quartz SiO2 crystalline [3]
Quartz SiO2 amorphous [3]
Quartz SiO2 amorphous [3]
Spinel MgAl2O4 crystalline [3],[4]
Enstatite MgSiO3 amorphous [2],[3]
Enstatite MgSiO3 crystalline [2],[3]
En75Fe25 Mg0.75Fe0.25SiO3 amorphous [2],[3]
En60Fe40 Mg0.6Fe0.4SiO3 amorphous [1],[2],[3]
En60Fe40 Mg0.6Fe0.4SiO3 crystalline [1],[2],[3]
En90Fe10 Mg0.9Fe0.1SiO3 amorphous [1],[2],[3]
En90Fe10 Mg0.9Fe0.1SiO3 crystalline [1],[2],[3]

Notes. [1] Rogantini et al. (2018) [2] Zeegers et al. (2019); [3] Rogan-
tini et al. (2020); [4] Costantini et al. (2019). The amorphous quartz
samples are distinguishable in intermediate and fully amorphous struc-
tures.

describe how light propagates through a specific material at
each wavelength.

– The anomalous diffraction theory (ADT, van de Hulst 1957)
is employed to obtain the absorption Qabs(a, λ), scattering
Qsca(a, λ), and extinction efficiencies Qext(a, λ) at each wave-
length (λ) and grain size (a).

– The extinction cross section at each grain size and wave-
length is defined as Cext(a, λ) = πa2Qext(a, λ). The total ex-
tinction cross section σext(λ) is obtained by integrating over
a grain-size distribution:

σext =

∫
Cext(a, λ)ngrda. (1)

In this equation ngr is the dust grain-size distribution.
– Finally, in order to compare the laboratory measurements

with astronomical data, the resulting extinction cross-section
profiles are implemented in the amol model of the SPEX fit-
ting code (Kaastra et al. 1996).

In previous X-ray spectroscopy studies of interstellar dust
(e.g., Zeegers et al. 2017; Rogantini et al. 2018), the size dis-
tribution (ngr) of the dust grains were calculated using an MRN-
size distribution. In this work, we compare the MRN distribution
with more complex dust-size distribution models, such as those
by WD01 and HM20.

These models do not account for mixed carbonaceous and
silicate grains; rather, they adopt separate grain-size distributions
for the carbonaceous and silicate dust components. Examples of
the size distribution models are shown in Fig. 1. The correspond-
ing extinction spectra at the energies of the magnesium (∼1305
eV; 9.5 Å) and silicon (∼1839 eV; 6.74 Å) absorption edges are
presented in Fig. 2. In this figure, we show several extinction
cross sections for amorphous olivine. These cross sections will
be included in a future release of the amolmodel in SPEX (Kaas-
tra et al. 1996). In the following, we describe each of the size
distribution models.

The simplest model is the MRN model, shown by the pink
line in Fig. 1. This model was developed to describe the observed
extinction by dust. MRN found that the functional dependence
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of the extinction on the wavelength (i.e., the extinction curve) is
well described by the following grain-size distribution:

dngr(a) = CsnHa−3.5da, amin < a < amax. (2)

Here the minimum grain size is amin = 0.005 µm, the maximum
grain size is amax = 0.25 µm, Cs is a normalization constant, ngr
is the number density of grains, and nH is the number density
of H nuclei; dngr can also be expressed as n(a)da. We followed
the procedure described in Rogantini et al. (2018) to calculate
the normalization constant Cs, which is based on observations
of X-ray halos from Mauche & Gorenstein (1986). Mauche &
Gorenstein (1986) measured the excess surface brightness of X-
ray sources at 1 keV, arising from dust scattering and therefore
correlating with the dust column density. They derived the fol-
lowing relation (their Eq. 15):

ngrσsca ≈ 0.18 kpc−1 at 1 keV, (3)

where ngr is the grain density and σsca is the scattering cross
section.

To normalize the size distribution, Rogantini et al. (2018)
adopted the correlation from Mauche & Gorenstein (1986), com-
puting the scattering cross section σsca at 1 keV for each dust
species using ADT.

Although the MRN model is a practical and simple
parametrization of the size distribution, it does not always fit the
observed extinction well. The extinction has been found to vary
in the Galaxy and can be characterized by the ratio of the total to
selective extinction parameter RV (Cardelli et al. 1989), which is
defined as RV = AV/E(B−V). This parameter correlates with the
density of the ISM and the grain size: a lower RV corresponds to
the diffuse ISM and indicates a larger population of small grains.

WD01 models expand the size distribution to smaller par-
ticles than the classic MRN distribution with a lower dust-size
limit of amin = 3.5×10−4 µm. The silicate grain-size distribution
is given by a function (Eqs. 4 and 5 in WD01)

1
nH

dngr

da
=

Cs

a

(
a

at,s

)αs

F(a; βsat,s)

×

{
1, 3.5 × 10−4 µm < a < at,s

exp{−[(a − at,s)/ac,s]3}, a > at,s

. (4)

The silicate dust models contain a cutoff (ac,s) at 0.1 µm, after
which a turnoff point of the curvature (at,s) of the grain sizes is
introduced beyond 0.1 µm. The term

F(a; βsat,s) ≡
{

1 + βa/at,s, if β ≥ 0
(1 − βa/at,s)−1, if β < 0

(5)

provides the curvature (β) to the distribution. The parameter αs
varies depending on the value of RV (among other parameters),
between ∼ −1 and −2. We investigated these models using three
different values for RV (3.1, 4.0, and 5.5). WD01 normalized
the size distribution models by fitting them to Galactic extinc-
tion curves, adopting the parametrization of Fitzpatrick (1999),
which depends on the wavelength and RV . The normalization of
the curves, in turn, depends on the Galactic environment. For the
diffuse ISM, where RV = 3.1, the normalization is provided by
AV/NH = 5.3 × 10−22 cm2 (Bohlin et al. 1978 and also applied
in Draine & Lee 1984). In dense regions, where RV = 4.0 or 5.5,
the extinction curve is normalized by AI/NH = 2.6 × 10−22 cm2

(I = I band). In addition, WD01 assumed an average "astronom-
ical" silicate composition. We followed this parametrization for
the silicates to normalize the size distribution.
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Fig. 1: Comparisons of several different silicate-size distribu-
tions used in this study. The thick pink line shows the MRN
distribution. The blue, orange, and green lines show the WD01
models with an RV of 5.5, 4.0, and 3.1. Three size distribution
models of HM20 are shown by the dashed red, purple, and brown
lines, indicating different values for the dense gas fraction with
a dust evolution time of 10 Gyr.

The HM20 model describes the evolution of the grain-size
distribution over 0.1, 0.3, 1.0, 3.0, and 10 Gyr. In our study we
only considered the models with a dust evolution time of 10 Gyr,
which resemble Milky Way dust. The silicate component in the
HM20 model accounts for about 60–70% of the total dust mass.
The minimum grain size considered is amin = 3 × 10−4 µm. Par-
ticles smaller than this size are too small to be regarded as dust
grains. The largest grains used in their modeling have a radius
amax = 10 µm. The differences in gas density affects the grain
growth and destruction mechanisms in the HM20 dust evolution
models. In this work we investigate the size distribution models
for four different values for the dense gas fraction (ηdense = 0.1,
0.3, 0.5, 0.8), exploring different environments with different
densities. In HM20 the ISM is described as a two-phase medium
composed of a diffuse (warm) component and a dense (cold)
component, characterized by typical densities and temperatures
of (nH, Tgas) = (0.3 cm−3, 104 K) and (300 cm−3, 25 K), respec-
tively. The dense gas fraction, ηdense, therefore represents the
fraction of the total ISM mass that resides in the dense, cold
phase, as opposed to the diffuse, warm phase. The normalization
of the size distribution depends on the total dust mass. HM20
assume a closed box model. The galaxy starts with a gas mass
with zero metallicity and converts the gas to stars with the to-
tal baryonic (gas + stars) mass conserved. From the evolution
models, a total grain mass is obtained, which in turn is used to
normalize the size distribution. Similar to the models of WD01,
smaller grains are present in the most diffuse environments, as
can be seen in Fig. 1.
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Fig. 2: Extinction cross sections of amorphous olivine calculated with different dust-size distributions, shown around the magnesium
edge (left column) and the silicon edge (right column). The top row compares the MRN distribution (black) with that of HM20
for dense gas fractions of 0.1 (purple), 0.5 (light purple and light green), and 0.8 (green). The bottom row compares the MRN
distribution (black) with that of WD01 for reddening values of RV = 3.1 (red), RV = 4.0 (orange), and RV = 5.5 (blue).

3. Observations and data reduction

3.1. GX 13+1

GX 13+1 is a luminous neutron star LMXB, originally classi-
fied as an atoll source due to its lower luminosity (Hasinger &
van der Klis 1989). However, subsequent observations have re-
vealed properties more characteristic of Z sources (Fridriksson
et al. 2015). All Chandra observations of GX 13+1 exhibit wind
signatures (Rogantini et al. 2025), characterized by significantly
blue-shifted absorption lines produced by an ionized outflow, in-
dicating the presence of disk winds with velocities reaching up to
approximately 800 km s−1 (Ueda et al. 2004; Madej et al. 2013).
GX 13+1 has previously shown type-I X-ray bursts (Matsuba
et al. 1995) and absorption dips (Iaria et al. 2014), but we did
not observe any such events in our light curves.

Located at a distance of approximately 7 kpc from Earth
(Bandyopadhyay et al. 1999), GX 13+1 lies at Galactic coor-
dinates (b = 0.11◦, l = 13.52◦). Its high brightness (' 6 ×
10−9 erg cm−2 s−1; D’Aì et al. 2014) enables the acquisition of
high signal-to-noise spectra at the energies of the Mg and Si
absorption edges at 1.30 and 1.84 keV, respectively. Moreover,

the source lies in the Galactic plane, implying a large interven-
ing column of interstellar material, which makes it a particularly
well-suited target for probing interstellar dust through X-ray ab-
sorption features. Indeed, this source has already been included
in samples aimed at studying interstellar dust absorption edges,
especially those associated with silicon (Zeegers et al. 2019;
Yang et al. 2022) and sulfur (Gatuzz et al. 2024). Furthermore,
GX 13+1 has been observed multiple times over the years, re-
sulting in a large cumulative exposure time, making it one of the
best targets for high-quality spectroscopic studies.

3.2. Data reduction

In this work we report the analysis of X-ray data collected by
the HETG instrument of Chandra (Canizares et al. 2005) in TE
mode between July 2010 and May 2019 (Obs.ID in Table 2).

For each observation, we extracted the MEG +1 and MEG−3
spectra, and combined spectra of the same order across differ-
ent observations using the CIAO tool combine_grating_spectra
(version 4.15; Fruscione et al. 2006). The data were reprocessed
from the level 1 event file, following the standard CIAO proce-
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Table 2: Chandra observations used in this paper.

Obs. ID Start time (UTC) Exposure (ks)
11814 2010-08-01 T00:31:31 29.1
11815 2010-07-24 T05:46:27 29.0
11816 2010-07-30 T14:47:25 29.1
11817 2010-08-03 T10:12:10 29.1
20191 2018-05-10 T06:21:06 25.1
20192 2018-05-26 T07:09:48 23.1
20193 2019-02-17 T11:54:29 26.2
20194 2019-05-30 T03:44:31 25.4

dures. The spectra were extracted using tgextract, and the corre-
sponding response matrices (RMFs) and ancillary response files
(ARFs) were generated with mkgrmf and fullgarf.

These two orders (MEG+1 and MEG−3) are the only ones
in which the silicon edge (6.74 Å) falls on a back-illuminated
chip, thus avoiding the instrumental emission line reported by
Rogantini et al. (2020, see our Appendix A).

The spectral analysis was restricted to the wavelength ranges
3 –8 Å for MEG−3 and 3–10 Å for MEG+1. After this selection
we inspected the spectra for pileup. Pileup arises when multiple
photons are detected as a single event and is therefore frequently
observed in the spectra of bright sources, such as GX 13+1. The
MEG+1 spectrum is affected by pileup, particularly in the harder
portion of the spectrum.1 Therefore, we excluded the MEG +1
data in the ranges 3.4–3.7 Å and 4.2–5.9 Å, as these intervals
exhibit systematic deviation from the continuum model. Addi-
tionally, to retain the superior resolution of the MEG−3 spec-
trum, we also excluded the MEG+1 data around the silicon edge
(6.65–6.77 Å).

4. Data analysis and results

We performed the spectral analysis using the code spex version
3.08 (Kaastra et al. 1996). All fits in this paper were performed
using C statistics (Cash 1979; Kaastra 2017), which can be used
regardless of the number of counts per bin. All errors are quoted
at the 90% confidence level for the parameter of interest.

4.1. Continuum and absorption

Following Zeegers et al. (2019), we modeled the soft X-ray
emission with a disk blackbody component (dbb; Shakura &
Sunyaev 1973) and the hard X-ray emission with a Comp-
tonization model (comt; Titarchuk 1994). In the Comptoniza-
tion model, we fixed the temperature of the seed photons to that
of the disk blackbody and left the plasma temperature (Tcomt)
free to vary. Absorption by cold interstellar gas was accounted
for using the hot model (de Plaa et al. 2004), with the temper-
ature fixed at 1 × 10−6 keV. We adopted the protosolar abun-
dances from Lodders (2010), which are the default in spex. To
model the ionized outflowing gas from the source, we added a
xabs model (Steenbrugge et al. 2003), leaving the average sys-
tematic velocity of the absorber (zv) and the root-mean-square
velocity (v) free to vary. We adopted the default xabs input file
provided by spex for the photoionization balance parameters,
which is based on photoionization calculations performed with
Cloudy assuming the spectral energy distribution of NGC 5548

1 The magnesium and silicon edge regions are less susceptible to
pileup because ISM absorption significantly suppresses the spectrum
in these areas.

(Steenbrugge et al. 2005). This file provides precomputed ionic
column densities and electron temperatures as a function of the
ionization parameter. Although previous works report multiple
wind components in GX 13+1 (Allen et al. 2018; Rogantini et al.
2025), we verified that including a second xabs component nei-
ther improves the fit nor affects the Mg or Si absorption edges. A
single photoionized absorber is therefore sufficient for the pur-
poses of this work. We simultaneously fit the continuum of the
two datasets — one containing MEG+1 and the other MEG−3
data. To account for the different instrumental response, only
the absorption parameters were linked between the two spec-
tra. We found a photo-ionized gas in outflow with a velocity
zv = (−4.7 ± 1.8)× 102 km s−1, v = (3.0 ± 0.5)× 102 km s−1, a
logarithmic ionization parameter log ξ = 4.3+0.1

−0.3, and a hydrogen
column density of NH = (1.3 ± 0.6) × 1023 cm−2. These values
are consistent with the one found by Zeegers et al. (2019). For
the cold absorber, instead, we found a hydrogen column density
of NH = (3.4+0.5

−0.6) × 1022 cm−2, consistent with the value found
in previous works (Zeegers et al. 2019; Pintore et al. 2014; D’Aì
et al. 2014). All of the fitting parameters are reported in Table 3.

Table 3: Best-fit parameters derived for the continuum in the two
different orders.

MEG -3 MEG +1

Ncold
H (1022 cm−2) 3.4+0.5

−0.6

kBTdbb (keV) 0.7 ± 0.1

kBTcomt (keV) 18+12
−9 20 ± 15

τcomt (keV) 0.9+1.0
−0.1 0.7+1.4

−0.1

Nxabs
H (1023 cm−2) 1.3 ± 0.6

log ξxabs 4.3+0.1
−0.3

zvxabs
out (102 km s−1) − 4.7 ± 1.8

vxabs (102 km s−1) 3.0 ± 0.5

F2−10 keV (10−9 erg cm−2 s−1) 8.5 ± 0.4

Notes. The reported 2-10 keV flux is the observed (i.e., absorbed) flux,
evaluated from the best-fitting model within the fitted energy range.

4.2. The dust model

After modeling the continuum of our source, along with the neu-
tral and ionized absorption components, we included the dust
model in the fit to simultaneously account for the magnesium
and silicon absorption edges. As noticed by Rogantini et al.
(2019), fitting both edges simultaneously helps to better con-
strain the dust properties, reducing the potential degeneracies.
The spex amol model calculates the transmission of various
molecules considering both absorption and scattering. By de-
fault, the extinction models in spex are evaluated for grains with
a standard MRN-size distribution. For this study we tested the
grain-size distribution models described in Sect. 2.

The amol model supports the simultaneous fitting of mix-
tures comprising up to four distinct dust components. Accord-
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ing to the approach outlined in Costantini et al. (2012), the total
number of possible compound combinations is given by

Cn,k =
n!

k!(n − k)!
, (6)

where n represents the total number of available compounds (16
in this case, as listed in Table 1) and k is the number of compo-
nents in each combination (4). To fit the data, Cn,k models were
employed, with each unique combination representing a distinct
extinction model. This process was repeated for each dust-size
distribution.

Following the approach in Rogantini et al. (2019, 2020), we
selected models that are statistically comparable to the best fit
using the Akaike information criterion (AIC; Akaike 1974). Ac-
cording to the criteria outlined by Burnham & Anderson (2002),
models with a ∆AIC < 4 are considered statistically indistin-
guishable from the best fit, while those with a ∆AIC > 10 are
excluded from further consideration.

In the subsequent section, we present the results obtained
for each dust-size distribution. The dust and gas column densi-
ties derived using the best-fit dust compositions for all distribu-
tions are summarized in Table 4. Note that the oxygen and iron
gas column densities reported in Table 4 were derived indirectly,
since the absorption edges of these elements fall outside the fit-
ted energy range; consequently, the associated uncertainties are
less robust than those of parameters directly constrained by the
data.

MRN distribution. The initial analysis employed the standard
MRN-size distribution for the extinction cross section, used to
model the edge profiles (black curves in Fig. 2). The dust compo-
sition providing the closest match to the observed data primarily
comprised amorphous olivine (∼ 80%), with a smaller contribu-
tion from fully amorphous quartz ∼ 20%; readers can refer to the
top-left panel in Fig. 4. The model yielding the best statistical fit
resulted in a C statistic of 1677 with 1464 degrees of freedom.

Weingartner & Draine. The application of the dust-size dis-
tribution from WD01 with RV = 3.1 (red curves in Fig. 2)
resulted in a best-fit composition predominantly consisting of
amorphous olivine (∼ 70%), with a complementary component
of fully amorphous quartz (∼ 30%), as illustrated in the top-right
panel in Fig. 4. This model achieved a C statistic of 1681 with
1464 degrees of freedom. Raising the RV up to four, the fit in-
stead yielded a C statistic of 1696 for 1464 degrees of freedom.
Increasing RV further to 5.5 (blue line in Fig. 2) resulted in an
even higher C statistic of 1708. However, models with such high
RV values are rejected by the Akaike test, as described in Sect.
4.2.

Hirashita & Murga. Adopting the dust-size distribution of
HM20 for a diffuse ISM (ηdense = 0.1; purple curve in Fig. 2),
the fit yields a C statistic of 1692; whereas, for a dense medium
(ηdense = 0.8; Fig. 2, green curve), the value increases to 1719.
Both cases are rejected by the Akaike test. Intermediate fractions
provide better fits: for ηdense = 0.3 (Fig. 2, light purple curve), the
Cstatistic is 1677, and for ηdense = 0.5 (Fig. 2, light green curve),
which closely resembles the MRN distribution, the C statistic is
1681. In both Akaike-accepted models, the composition is domi-
nated by amorphous olivine, with amorphous quartz contributing
about 20-30% (Fig. 4).

5. Discussion

5.1. Dust-size distribution

From this analysis, we can rule out the following dust-size dis-
tribution models along the LOS of GX 13+1, as they yield ∆AIC
values greater than ten compared to the best-fit model (see Ta-
ble 4): the WD01 models with RV = 4.0 and RV = 5.5, and
the HM20 models with ηdense = 0.1 and ηdense = 0.8. These re-
sults allowed us to exclude, for this sightline, the presence of
a denser-than-average ISM – represented by the WD01 models
with RV = 4.0 and 5.5, and by the HM20 model with ηdense = 0.8.
In the Milky Way, a typical average value is RV ' 3.1 (John-
son 1968), which can be used as a reasonable approximation for
most lines of sight. This result is consistent with the findings of
Schlafly et al. (2016), who report that fewer than one percent of
Galactic sightlines exhibit RV > 4.0. Moreover, these size distri-
butions would imply a substantially higher quartz content in the
ISM than typically inferred, raising concerns about their physi-
cal plausibility (see e.g., Min et al. 2007).

The exclusion of these denser-environment models is also
supported by high-resolution X-ray spectroscopy studies in other
directions. For example, in their analysis of the Mg and Si K
edges toward GX 3+1 (Rogantini et al. 2019), the authors ex-
plicitly tested a modified MRN-size distribution including an en-
hanced population of large grains. Although such a model leads
to a formally improved fit to the X-ray absorption edges, it re-
quires a fraction of Mg and Si that is too high to remain in the
gas phase in order to reproduce the observed spectra.

We can also reject the scenario of an extremely diffuse ISM,
represented by the HM20 model with ηdense = 0.1, where grain
shattering dominates leading to a dust-size distribution favoring
smaller grains.

A consistent picture also emerges from X-ray dust scattering
halo studies of GX 13+1. In particular, Clark (2018) modeled
the Chandra halo profile of this LMXB using a range of grain-
size distributions, including the Weingartner & Draine (2001)
prescription, the BARE-GR-B model of Zubko et al. (2004),
and simple power-law forms. Their best-fitting solutions are ob-
tained when allowing for multicloud dust geometries combined
with power-law size distributions. Importantly, these models do
not require extreme grain growth and remain broadly compatible
with standard diffuse-ISM dust properties, reinforcing the con-
clusion that the dust along this sightline is inconsistent with size
distributions typical of either very dense or extremely diffuse en-
vironments.

5.2. Dust composition

The dust observed along the LOS to GX 13+1 reveals an ISM
primarily composed of amorphous olivine, with a significant
fraction (20 - 30%) of fully amorphous quartz. This finding,
based on a different dataset, confirms the results of Zeegers et al.
(2019) for this direction. Consistent with observations along
other sightlines (Zeegers et al. 2019; Rogantini et al. 2020), we
find no significant contribution from pyroxene; instead, olivine
remains the dominant silicate component in the ISM. This dom-
inance of olivine is further supported by infrared studies, such as
Kemper et al. (2004), who reported that approximately 85% of
the silicate dust is in olivine form.

Crystalline or amorphous SiO2 (silica) is generally not con-
sidered a major constituent of the ISM, but amorphous silica has
been sporadically detected. For example, Fogerty et al. (2016)
reported up to 20% silica by mass in warm regions of the Trapez-
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Table 4: Column densities of the dust and gas derived from the best-fit models for different dust-size distributions.

MRN WD (RV = 3.1) WD (RV = 4.0) WD (RV = 5.5) HM (ηd = 0.1) HM (ηd = 0.3) HM (ηd = 0.5) HM (ηd = 0.8)
Na−olivine (1018 cm−2) 1.2+0.2

−0.5 0.9 ± 0.2 0.8 ± 0.3 0.5 ± 0.1 1.1+0.1
−0.2 1.0+0.1

−0.2 0.8+0.4
−0.5 0.5 ± 0.1

Na−quartz (1018 cm−2) 0.3+0.3
−0.1 0.4+0.2

−0.1 0.5 ± 0.1 0.9 ± 0.1 0.2+0.3
−0.1 0.3+0.3

−0.1 0.5 ± 0.2 0.9 ± 0.1
Nc−forsterite (1018 cm−2) – – – – – – 0.1+0.2

−0.1 –
Ngas

O (1019 cm−2) 1.2+0.6
−0.5 < 1.8 1.7+0.1

−0.7 < 1.8 1.3 ± 0.2 < 1.8 1.2+0.6
−0.3 1.2 ± 0.3

Ngas
Mg (1017 cm−2) 1.0+1.1

−1.0 2.2 ± 1.2 3.0 ± 1.8 2.4+2.6
−0.1 0.024 ± 0.001 1.2 ± 0.1 1.4+2.0

−1.4 1.3+3.5
−0.7

Ngas
Si (1017 cm−2) 0.2 ± 0.1 0.3 ± 0.1 0.4 ± 0.2 0.4 ± 0.2 0.1 ± 0.1 0.2+0.2

−0.1 0.2 ± 0.1 0.5 ± 0.2
Ngas

Fe (1016 cm−2) 0.2+1.9
−0.1 < 2.1 < 2.1 < 2.1 < 2.1 < 2.1 < 2.1 < 2.1

C-stat 1677 1681 1696 1708 1692 1677 1681 1719
dof 1464 1464 1464 1464 1464 1464 1464 1464

Notes. Column densities of dust and gas derived from the best-fit spectral models. In all cases, as described in Sect. 4.2, four dust components are
fitted simultaneously. Except for the HM20 model with ηd = 0.5, only amorphous olivine and amorphous quartz significantly contribute to the fit.

Fig. 3: Top panel: Best fits of the Si K edge (left panel) and Mg K edge (right panel) using the dust-size distribution from WD01
with RV = 3.1 (in red), MRN (in yellow), HM20 with ηdense = 0.3 (in green), and HM20 with ηdense = 0.8 (in purple). Chandra
MEG-3 data are shown in blue, and MEG+1 data aare in black. Bottom panel: Residuals defined as (observed model)/model of the
best fit obtained using the MRN dust-size distribution.

Table 5: Abundances and fractional depletions of magnesium and silicon for the good dust-size distributions.

MRN WD (RV = 3.1) HM (ηd = 0.3) HM (ηd = 0.5)
silicon
AZ/A� 1.4 ± 0.7 0.7 ± 0.4 0.7+0.7

−0.3 0.7 ± 0.4
δZ 0.99 ± 0.01 0.97 ± 0.01 0.98+0.01

−0.02 0.98 ± 0.01
magnesium

AZ/A� 0.9 ± 0.7 0.9 ± 0.5 0.8 ± 0.2 0.8 ± 0.6
δZ 0.92+0.08

−0.09 0.82 ± 0.10 0.90 ± 0.01 0.88+0.12
−0.17

ium LOS, based on analysis of the 9.7 µm feature. Moreover,
amorphous silica is also observed in protoplanetary disks (Sar-
gent et al. 2009), suggesting that while it is not a prevalent
ISM component, it can appear in specific environments, possi-
bly linked to local dust processing.

5.3. Depletions and abundances

From our spectral fits, we derived the depletion fractions of oxy-
gen, magnesium, silicon, and iron – the constituents of our dust
models (see Table 1). The fractional depletion is typically ex-
pressed as a percentage and is defined as δZ = 1 − 10DZ , where

DZ is determined by comparing the abundance of the gas-phase
element Z with its standard solar reference abundance.

For magnesium and silicon, whose absorption edges we ex-
plicitly modeled, we found significant depletion into the solid
phase. In our best-fit models, 80-90% of magnesium and 97-99%
of silicon are locked in dust grains (see Table 5).

The depletion fractions of oxygen and iron can only be in-
ferred indirectly from our models and are therefore less tightly
constrained. Our results suggest that oxygen is moderately de-
pleted, with less than 30% incorporated into dust, while more
than 80% of iron appears to be in the solid phase.

Article number, page 7 of 10



A&A proofs: manuscript no. output

Fig. 4: Histograms of the relative contribution of each dust species, based on AIC-selected models. Each panel shows the results
computed using different dust-size distributions for the extinction cross-section calculations.

The depletion levels derived in this work are consistent with
previous X-ray studies (e.g., Costantini et al. 2012; Pinto et al.
2013; Zeegers et al. 2019; Rogantini et al. 2019, 2020) and are
also in agreement with the depletions reported by Jenkins (2009)
and Dwek (2016). Our derived elemental abundances are consis-
tent with those reported in previous studies (e.g., Zeegers et al.
2019; Rogantini et al. 2020) and do not show significant devi-
ations from solar values (see Table 5). The allowed depletion
ranges adopted in these fits are based on Whittet (2022) and
Jenkins (2009), and are summarized in Table 6.

Table 6: Allowed depletion ranges adopted in this work, based
on Whittet (2022) and Jenkins (2009).

Element Depletion ranges
Si 0.4 – 1.0
Mg 0.4 – 1.0
O 0 – 0.4
Fe 0 – 0.2

5.4. Dust crystallinity

The best-fit model suggests a crystalline-to-amorphous dust ra-
tio (ζ1 = crystalline dust / (crystalline dust + amorphous dust))
lower than that reported in previous X-ray studies of several
LMXBs (Zeegers et al. 2019; Rogantini et al. 2019, 2020), but
consistent with values observed in the infrared. In particular,
at these wavelengths, the smooth profiles of the features near
∼ 9 µm and ∼ 18 µm indicate that less than 2.2% of interstellar
dust is crystalline (Kemper et al. 2004, 2005). In this work, we
find ζ1 = 0.02, with an upper bound ζ1 ≤ 0.05.

A key aspect of this work is the significantly improved spec-
tral resolution, made possible by using – for the first time –
the third-order spectrum of the Chandra HETG. Moreover, such
analysis has been performed on data unaffected by known instru-
mental features near the Si K edge (see A), ensuring a clearer
view of the absorption profile. These improvements enable a
more reliable characterization of interstellar dust along this LOS.

6. Conclusions

For this work, we used Chandra HETG (MEG+1 and MEG−3)
observations of GX 13+1 to study the composition and size dis-
tribution of interstellar dust along its LOS. By modeling the Si
K and Mg K edges with a range of laboratory-based dust species
and grain-size distributions, we constrained both the physical
and chemical properties of the ISM. Our analysis shows the fol-
lowing:

– The classical MRN, the WD01 (RV = 3.1) distributions,
along with the HM20 (ηdense = 0.3 − 0.5) models best re-
produce the observed absorption profiles. The distributions
representing very dense or highly diffuse ISM are statisti-
cally disfavored.

– The dust on this LOS is predominantly composed of amor-
phous olivine.

– The crystalline fraction of dust is low (≤ 5%), bringing the
X-ray estimate into agreement, for the first time, with the
crystalline fractions previously inferred from infrared obser-
vations.

These findings confirm the presence of diffuse ISM condi-
tions typical of the Galactic Plane (RV ' 3.1) along the sightline
to GX 13+1, and they emphasize the role of X-ray spectroscopy
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as a powerful tool for probing the solid phase of the ISM, not
only to constrain dust composition but also to directly test differ-
ent grain-size distributions. Looking forward, NewAthena obser-
vations will provide unprecedented improvements thanks to its
high effective area. This will enable the detection of Mg and Si
absorption features with high signal-to-noise ratios, allowing us
to place more stringent constraints on grain composition, crys-
tallinity, and size distributions across different Galactic environ-
ments.
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Appendix A: Instrumental features near the Si K
edge

In previous studies (Zeegers et al. 2019; Rogantini et al. 2019,
2020), at least an emission instrumental feature near the Si K
absorption edge (at 6.742 Å) was consistently observed in all
sources analyzed, with the notable exception of the +1 order
MEG spectra, which did not display any emission in excess.
Among the spectral orders used in these studies, the +1 MEG is
the only one that does not intersect the front-illuminated CCDs
in the silicon region. This instrumental features, detailed in a
Chandra calibration memorandum2, actually consists of two nar-
row emission features, one at 6.742 Å and another at 6.714 Å. In
this calibration memorandum, these lines are believed to origi-
nate from fluorescence in the SiO2 gate structure present in the
front-illuminated CCDs, likely induced by the interaction of X-
rays with the detector material.

In our current analysis, we also note that in addition to
MEG+1, also for MEG−3 the SiK edge energy falls on a back
illuminated chip.

The two instrumental features occur near and right in the
middle of the edge jump, where the presence of shifts and subtle
features can be important in the interpretation of the dust fea-
tures. Therefore, we only include the MEG+1 and MEG−3 in
our analysis.

2 https://space.mit.edu/CXC/calib/hetg_user.html

Article number, page 10 of 10

https://space.mit.edu/CXC/calib/hetg_user.html

	Introduction
	Dust-size distribution models
	Observations and data reduction
	GX 13+1
	Data reduction

	Data analysis and results
	Continuum and absorption
	The dust model

	Discussion
	Dust-size distribution
	Dust composition
	Depletions and abundances
	Dust crystallinity

	Conclusions
	Instrumental features near the Si K edge

