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Abstract

Interstellar dust strongly affects astronomical observations across the entire elec-
tromagnetic spectrum. In the optical and ultraviolet bands, it produces extinction
and reddening that must be corrected for both Galactic and extragalactic sources.
At longer wavelengths, its thermal emission contaminates observations, particularly
those related to studies of the cosmic microwave background. In X-ray astronomy,
dust impacts observations by both absorbing and scattering photons.

Despite extensive studies at multiple wavelengths, several fundamental aspects
of interstellar dust—its composition, size distribution, and large-scale spatial dis-
tribution within the Milky Way—remain uncertain. The aim of this thesis is to
use X-ray absorption and scattering as complementary probes to investigate the na-
ture of interstellar dust and derive accurate geometry-based distances to Galactic
structures.

The first part of this work (Chapters 1 and 2) provides an overview of the inter-
stellar medium (ISM) and of the physical principles governing X-ray absorption and
scattering by dust grains. In the third chapter, we analyze the twenty-one X-ray
dust-scattering rings generated by GRB 221009A, the brightest gamma-ray burst
ever recorded. Using observations from XMM-Newton and The Neil Gehrels Swift
Observatory, we mapped the ISM along the burst direction with higher resolution
than existing optical and infrared three-dimensional dust maps—both in the plane
of the sky (a few arcminutes) and along the line of sight (from ~ 1 pc for nearby
dust clouds up to ~ 100 pc for distant structures). This analysis allowed us to revise
previous estimates of the GRB soft X-ray fluence and to constrain the absorption
within its host galaxy.

The fourth chapter focuses on the smallest X-ray rings produced by GRB 221009A,
originating from the most distant interstellar dust layers. Using Chandra and late-
time XMM-Newton observations, we accurately constrained the distance of the
Perseus, Outer, and Outer Scutum—Centaurus arms towards the GRB direction.
This analysis was further extended to the other two gamma-ray bursts where X-ray
rings associated with dust beyond 5 kpc had previously been detected. Through
a detailed re-analysis of XMM-Newton and Chandra archival data, we obtained
the most precise geometric distance measurements to these Galactic spiral arms to
date. These results provide independent constraints on the Milky Way’s large-scale
structure, derived without relying on kinematic models and assumptions about the
Galactic rotation curve.

The final part of the thesis investigates the composition and size distribution of
interstellar dust along the line of sight to the bright low-mass X-ray binary GX 13+1,
using high-resolution Chandra/HETG spectroscopy. By simultaneously modeling
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the Mg K and Si K absorption edges with different dust size distributions, we ruled
out scenarios of both very diffuse and very dense ISM, favoring grain populations
typical of average Galactic conditions, in this direction. Along this sightline, the
dust composition is found to be dominated by amorphous olivine, with a minor
crystalline fraction of about 2%.

In conclusion, this thesis shows that X-ray scattering and absorption provide
powerful tools to constrain both the physical properties of interstellar dust and the
large-scale structure of the Milky Way, offering a perspective complementary to that
obtained from radio, optical, and infrared observations.
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Chapter 1

The Interstellar Medium of the
Milky Way

1.1 Gas in the ISM

The interstellar medium (ISM) refers to the matter occupying the space between
stellar systems within a galaxy. In the Milky Way, it accounts for roughly 10% of the
galaxy’s visible mass. Its composition is dominated by hydrogen (~ 70%), followed
by helium (~ 28%), and all other elements collectively contribute only about 2%.
The ISM is conventionally described in three primary phases, distinguished by the
chemical state of hydrogen: ionized (H II), neutral (H I), and molecular (Hy).

Neutral hydrogen (H I), with temperatures ranging from 100 to 5000 K, con-
stitutes about 60% of the ISM. A colder, denser phase associated with molecular
clouds accounts for roughly 17%, while regions exceeding 10* K are dominated by
ionized hydrogen (H II).

H I is primarily observed via the 21-cm hyperfine transition line (see Sect. .
Key surveys such as HIPASS (Barnes et al., 2001), GALFA-HI (Peek et al., 2011,
GASS (McClure-Griffiths et al., 2009; Kalberla et al. 2010; [Kalberla and Haud,
2015), and EBHIS (Winkel, B. et al., |2016) have been instrumental in mapping
the distribution of the neutral ISM. For molecular hydrogen (Hs), which is difficult
to detect directly due to its lack of a permanent dipole moment, carbon monoxide
(CO) is commonly used as a tracer. CO is the second most abundant molecule
in the ISM and serves as a key proxy in the identification of molecular clouds.
Our understanding of the Milky Way’s structure (see Sect. is, indeed, largely
shaped by CO surveys; including the CfA-Chile survey (Dame et al., [2001; Dame
and Thaddeus, |2022), the FCRAO Galactic Ring and Outer Galaxy Surveys (Heyer
et al., |2001; Roman-Duval et al., 2010), and SEDIGISM (Schuller et al. 2021)).

1.1.1 Gas absorption

In the quantum-mechanical description of the atom, electrons occupy orbitals whose
wavefunctions and energy eigenvalues are obtained from the Schrodinger equation.
Each orbital is uniquely identified by the four quantum numbers: principal (n),
orbital angular momentum (/), magnetic (m), and spin (s); and according to the
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CHAPTER 1. THE INTERSTELLAR MEDIUM OF THE MILKY WAY

Aufbau principle, electrons fill the lowest available orbitals first.
Electronic transitions occur when an electron moves from one orbital state to
another, involving the absorption or emission of a photon with energy:

AE = E; — E, (1.1)

where I; and E; are the energies of the initial and final orbitals, respectively.

If a photon excites an electron from a bound orbital to another higher bound
state, the photon energy must exactly match the difference between two discrete en-
ergy levels. This produces a narrow, well-defined absorption feature in the spectrum,
known as absorption line. Such lines are characteristic signatures of bound-bound
electronic transitions.

In contrast, a photon whose energy does not match any bound-bound transition
will pass through the atom without interaction, unless its energy is high enough to
ionize it. In that case, the photon ejects the electron completely, in a process known
as a bound—free transition or photoelectric absorption.

Hydrogen in the ISM can be ionized by photons with energies above 13.6 €V,
i.e., by ultraviolet or X-ray photons (Sect. [2.2)). In the case of neutral hydrogen, the
photoelectric cross section is zero for photon energies below the ionization threshold
of 13.6 eV. At this threshold, corresponding to the binding energy of the ground-
state electron (K shell, n = 1), the cross section suddenly increases to a finite value.
This jump is called the K edge (see Fig. [L.1).

For photon energies exceeding 13.6 eV, neutral hydrogen atoms can still absorb
photons. In this regime, the excess photon energy above the ionization threshold
is transferred to the liberated electron as kinetic energy. As the photon energy
increases further, the photoelectric absorption cross section decreases approximately
as a power law with frequency:

oo v 83, (1.2)

Heavier elements, e.g. oxygen, have electrons in higher energy levels, e.g., n = 2
(L shell), as well as in the K shell. The cross sections for these elements will show
not only a K edge, but also L. edges at the energies where the n = 2 electrons can
be ejected.

In addition to electronic transitions and photoionization edges, neutral hydrogen
exhibits a magnetic-dipole hyperfine transition in its ground state, produced when
the proton and electron spins flip from parallel to antiparallel, releasing a photon at
a 21 cm wavelength, which is, therefore, used to map the distribution of the neutral
gas.

A useful quantity to describe the amount of absorbing material along the line of
sight (LOS) is the hydrogen column density, Ny. It is defined as the integral of the
hydrogen number density ny along the path s:

Ny = /nH(s) ds. (1.3)

This quantity, expressed in units of cm~2, represents the total number of hydro-
gen atoms per unit area between the observer and the source. Similarly to hydrogen,
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CHAPTER 1. THE INTERSTELLAR MEDIUM OF THE MILKY WAY

all other elements are parameterized with respect to Ny, by assuming fixed relative
abundances (e.g. solar or interstellar), so that the total absorption can be described
by a single global parameter.

1.1.2 Interstellar Clouds

Although most of the volume of the ISM is taken up by hot, ionized gas, most of
the mass is actually found in the cooler, denser atomic and molecular regions—the
clouds. The phase structure of the ISM provides a useful way to classify clouds. We
can distinguish between "diffuse" clouds, where the gas at peak density is mainly
atomic, and "dense" clouds, where it is primarily molecular. Numerically, they are
distinguished by the fractional abundance of hydrogen in molecular form defined as:

f(H2) = 2n(Hs)/nu, (1.4)

where ng = n(H) + 2n(Hs) is the total number density of H nucleons in atoms and
molecules. For a diffuse cloud f(Hs) ranges from 0 to 0.3, in the core of a dense cloud
is ~ 1. In terms of ny a dense cloud contains region sufficiently dense (> 100cm™3)
in which all the HI is converted to Hs.

1.2 Dust in the ISM

In the Milky Way, dust comprises only about 1% of the ISM total mass (Bohlin
et al., [1978), while the majority is gas, found in both atomic and molecular forms
(see Section [1)). Despite its small mass fraction, dust has a significant impact on
astrophysical processes in all galaxies.

The evolution of dust is closely related to that of stars, as stars interact with
dust at nearly every stage of their life cycle (Jones, 1997). During the collapse of
molecular clouds and the star formation process, dust is partially destroyed and
also incorporated into the forming star. As stars evolve and leave the main se-
quence, they enter the Asymptotic Giant Branch (AGB) phase, during which they
become prominent contributors of newly formed dust. Other potential sources of
interstellar dust include supernovae , young stellar objects, red supergiants, and
Wolf-Rayet stars (Tielens, 2001). However, the exact contribution of each source
to the total interstellar dust budget remains uncertain, and the role of core-collapse
supernovae is still actively debated (Slavin et al. 2020). Once released into the in-
terstellar medium, dust undergoes both growth and destruction processes. Growth
mechanisms (nucleation, condensation, accretion, and coagulation) occur both in
the diffuse ISM and in denser regions, such as diffuse clouds (Draine, 2009). In
contrast, destruction processes - including sputtering by gas particles, shattering,
and high energy grain-grain collisions - typically occur in low density regions, driven
by supernova shocks and stellar winds (Jones and Nuth, 2011)).

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 ex-
tragalactic objects, requires a correction accounting for dust both in our Galaxy and
in the host galaxy (see Section [1.2.1]). Second, the thermal emission of interstellar

4



1.2. DUST IN THE ISM

dust (see Section [1.2.2)) contaminates astronomical observations at long wavelengths,
significantly affecting, in particular, the study of the Cosmic Microwave Background
(CMB). In X-ray astronomy, dust impacts observations by absorbing and scattering

X-ray photons (see Sections [2.2] and [2.1).

1.2.1 Interstellar Extinction

Photometric and spectroscopic observations of stars allow us to measure their dis-
tances using the following equation:

V — My =5logd — 5, (1.5)

where V' and My are, respectively, the apparent and the absolute magnitudes of the
starE], and d’ is the distance to the star in parsecs (pc). This relation assumes that
there is no attenuation of the star’s light along the LOS. However, if interstellar
dust is present, it causes extinction - an effect resulting from both scattering and
absorption - which dims the observed optical light of the star. Without accounting
for extinction, the distance will be overestimated. To correct for this, Equation
is modified to:

V — My — Ay = 5logd — 5, (1.6)

where Ay > 0 represents the visual extinction due to interstellar dust (Johnson,
1968)).

Interstellar extinction depends not only on the total column density of dust along
the LOS but also on the wavelength of observation. Interstellar dust causes redden-
ing of starlight in the optical band through a process analogous to the reddening
of sunlight during sunset: since both absorption and scattering are more efficient
at shorter wavelengths, blue light is attenuated more than red light, resulting in a
reddened observed spectrum. In the Johnson photometric system, the interstellar
reddening is quantified by the color excess:

Epy =(B=V)—=(B-=V), (1.7)

where (B —V) is the observed color index and (B —V'), is the intrinsic (unreddened)
color index of the stai’l

The visual extinction Ay can be related to the color excess through the total-to-
selective extinction ratio (Ry):

Ay = RyEp_y. (1.8)

The value of Ry is sensitive to the physical properties of interstellar dust, including
its composition, grain size distribution, and structure, and thus varies with the local
environment. In the Milky Way, a typical average value is Ry ~ 3.1 (Johnson, |1968)),
which can be used as a reasonable approximation for most LOS. Similar processes of
absorption and scattering also affect X-rays passing through the interstellar medium,
although at much higher photon energies. These interactions will be discussed in

detail in Chapter 2]

!These magnitudes are measured in the V (visual) band of the Johnson photometric system,
which is centered at approximately 5400 A.
2The B (blue) band in the Johnson photometric system is centered at approximately 4400 A.
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1.2.2 Infrared dust emission

Dust grains absorb UV and visible light and re-emit that as infrared (IR) radiation
by thermal emission (van de Hulst} 1946). A steady state is achieved when a dust
grain emits a power equal to the amount it absorbs, at a temperature 7,; determined
by its size and composition. According to models, dust grains with sizes in the range
responsible for visible extinction (approximately 0.1 - 0.5 pm) reach thermal equilib-
rium at temperatures around 5 - 20 K (Whittet] [2022). At these temperatures, their
emission spectrum peaks at wavelengths between 100 and 300 pm, corresponding to
the far IR region of the electromagnetic spectrum.

Due to the Earth’s atmosphere, this part of the spectrum cannot be observed
from the ground, so confirmation of this emission was not possible until the early
1970s (Whittet|, 2022)). Over the years, with the development of infrared space mis-
sions, significant discoveries have been made regarding the nature and distribution
of dust grains, as described in the next sections.

1.2.3 Elemental abundances of interstellar dust

As already mentioned in Sect. [I.2] the evolution of dust is closely related to that
of stars. The Sun, being a normal, single, main-sequence star, is thought to have
retained a reliable record of the elemental abundances present in the nebula from
which it formed in the Galactic disk about 4.6 Gyr ago. Solar abundances are derived
from a combination of laboratory analyses of pristine meteorites and spectroscopic
measurements of the solar atmosphere. These studies indicate that the dust present
in the ISM at the time and location of the Sun’s birth was composed primarily of
the refractory elements C, O, Mg, Si, S, and Fe, whose abundances are shown in the
right panel of Fig.

Of course, galaxies progressively enrich in heavy elements through successive
generations of stars. Since the Sun formed when the Milky Way was about two
thirds of its current age, differences are expected between its composition and that
of much older, metal-poor, or much younger, metal-rich stars. Early-type stars (O
and B), formed roughly 100 Myr ago, provide a direct probe of the present-day ISM
abundances; however, their measured compositions are typically subsolar, about
63% of the solar value (Savage and Sembach, [1996; Sofia and Meyer, [2001)).

The spectra of F and G type stars can be compared in detail with the solar
spectrum, allowing precise measurements of elemental abundances. Observations
show that the Sun is relatively metal-rich, ranking in the upper quarter of nearby
G type stars (Adams, 2010), while the youngest F and G type stars (about 2 Gyr
younger) have abundances very similar to solar values (Hensley and Draine| 2021)).
These results indicate that the abundances of the Sun can be used as a reasonable
proxy for the composition of the local ISM.

1.2.4 Grain compositions

Graphite and silicates are the main constituents of most grain models. An impor-
tant constraint on the composition of dust is given by the abundance of elements
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1.2. DUST IN THE ISM

(Sect. [1.2.3). We assume that the abundance is similar to that of the solar environ-
ment. However, not all elements are present in the gas phase of the ISM. Several
of the most abundant elements are significantly underrepresented (or "depleted")
in the gas phase and are therefore inferred to be locked into dust particles. Analy-
sis of elemental abundances together with depletion patterns implies that the main
constituents of interstellar dust are C, O, Mg, Si, Fe, and S (Draine, 2011).

Given these elemental constraints, plausible dust materials can be narrowed down
to:

e Silicates, with the composition of pyroxene Mg,Fe; ,SiO3 or olivine
Mgs Fes 90,5104, and x between 0 and 1

e Oxides of silicon, magnesium, and iron (e.g. SiOy, MgO, Fe30,)
e Carbon solids (graphite, amorphous carbon, and diamond)

e Hydrocarbons (e.g., polycyclic aromatic hydrocarbons)

e Metallic iron

e Carbides, particularly silicon carbide (SiC)

In addition to depletion studies, the composition of interstellar dust can be con-
strained through more direct approaches, such as infrared observations (e.g. Tie-
lens 2008; (Gibb et al.| 2004) and laboratory analysis of presolar interstellar dust
grains extracted from meteorites or interplanetary dust particles. Notably, some
meteorites contain grains that predate the Solar System. The abundances of such
presolar grains vary among meteorites; however, studies indicate that the dominant
carbonaceous phase by mass is carried by extremely small (~ 20 A) nanodiamonds
(Huss and Draine, 2007)).

Silicates are detected in the ISM even in infrared spectra by two characteristic
features: 10 pm (stretching of the Si-O bond) and 20 pm (bending of the O-Si-O
structure) features (e.g. Knacke and Thomson|[1973)). Studies of these infrared fea-
tures of silicates indicate 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). Another observed spectral feature is a broad absorption feature at 3.4
pm, which is almost certainly due to the C-H stretching mode in hydrocarbons
(Draine, 2011)).

Furthermore, infrared observations suggest that less than 2% of interstellar dust
in the Galaxy exists in crystalline form (Kemper et al., 2004, 2005; 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 within
larger particles.

1.2.5 Size distributions

Interstellar dust is primarily characterized by the composition, shape, and size dis-
tribution of its particles. Over time, models of interstellar dust have evolved in
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CHAPTER 1. THE INTERSTELLAR MEDIUM OF THE MILKY WAY

response to increasingly detailed observational data. In 1977, the model proposed
by Mathis, Rumpl, and Nordsieck (Mathis et al.||[1977, hereafter MRN)) successfully
reproduced the average interstellar extinction curve (see Sect. and Fig. [L.3).
The MRN| model features bare, spherical silicate and graphite grains, with parti-
cle radii (a) ranging from 0.005 to 0.25 yum. The size distribution follows a simple
power-law of the form:

n(a)da = Aa=*°da, (1.9)

where n(a) is the number of grains per unit of size and A is a composition-
dependent normalization constant.

However, observations from the Infrared Astronomical Satellite (IRAS) all-sky
survey revealed limitations in the [MRN| model, particularly an unexpected excess
of 12 um and 25 pum emission from the diffuse ISM, indicating that the [MRN| dis-
tribution alone could not fully account for the observed dust emission. This dis-
crepancy led to the inclusion of polycyclic aromatic hydrocarbon (PAH) molecules
as an additional dust component, originally proposed by |Allamandola et al.| (1985).
Observations from the Cosmic Background Exzplorer (COBE) further supported the
presence of small carbonaceous grains within interstellar dust, which were subse-
quently incorporated into models such as those by [Weingartner and Draine (2001)
and |Zubko et al.| (2004)), and later refined in more recent works such as Hirashita
and Murgal (2020). These three dust size distribution models, together with the
previously discussed MRN| are adopted in the research work reported in this thesis
and are therefore examined in more detail in the following.

The Weingartener & Draine Model

The Weingartner & Draine model (Weingartner and Draine, [2001)) introduces two
key modifications to the basic MRN model. First, as discussed in the previous
section, it incorporates very small carbonaceous grains that were absent from the
original MRN distribution. In addition, it provides grain size distributions tailored
to reproduce the observed extinction curves for various values of Ry . Unlike the
simple power-law used by MRN| the functional forms adopted in this model are
more complex, allowing for a smooth cutoff and variations in slope. For carbonaceous
grains, the model uses the following:

N 1 35A <a<
1 dngr - . Cg a ! . 7 3
E da — D(a’ bc)—i—? (@) F(Gq /897 at,g) X eXp {_ [m} } , a > at,g

Ge,g
(1.10)
where D(a;b.) represents the size distribution of PAH grains, modeled as the
sum of two log-normal distributions, as described by |Li and Draine (2001), and
where bc denotes the total carbon abundance per hydrogen nucleus.
And, for silicate dust:

At,g
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Figure 1.2: Mean extinction curve of the interstellar medium with Ry = 3.1. Figure
from Zubko et al.| (2004)).

| dng  Cy [ a aSF( oo 1. 3 35A <a<ay,
- = a; Ps, At s a—ai s
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In both cases, the function F'(a; 3, a;) provides the curvature:
' _ [ 1+ Ba/ay. B>0
F(auﬁvat) = { (1 . Baz/at)_l- ﬁ <0 (112)

Using these mathematical expressions and a given set of parameters (Ry, b.), |Li
and Draine| (2001)) aim to achieve the best fit to the observed extinction curve by
varying the model parameters. The resulting fit for Ry, = 3.1 and different values
of b, is shown in Fig. . The preferred value is b, = 6 x 107°.

The Zubko et al. model

In Zubko et al. (2004), the authors investigated a range of dust models designed to
simultaneously reproduce not only the average interstellar extinction curve (Figure
, but also the thermal infrared emission (left panel of Figure and interstellar
abundance constraints (right panel of Figure . These observational constraints
are addressed through variations in dust composition. The dust constituents consid-
ered include polycyclic aromatic hydrocarbons (PAHs), graphite, and several forms
of amorphous carbon - specifically ACAR (amorphous carbon with a significant aro-
matic content), ACH2 (hydrogenated amorphous carbon), and BE (Bias-Enhanced
amorphous carbon). In addition, silicates with the composition MgFeSiO4 and com-
posite particles made of silicates, organic refractory material (Co5Ha505N), water
ice, and voids are also used.

Using combinations of these components, the authors constructed five different
dust models. The first model replicates the structure proposed by [Li and Draine
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Figure 1.3: Grain size distribution derived from [Weingartner and Draine (2001)
for different values of b and Ry = 3.1. According to the authors, the favored
distribution corresponds to b = 6 x 1075,

(2001)), consisting of PAHs, bar(ﬂ graphite, and bare silicates. The second model
extends the first by including composite particles. The third and fourth models are
analogous to the first and second, respectively, but replace graphite with amorphous
carbon. The fifth model contains no carbonaceous material other than PAHs, and
combines them with bare silicates and composite particles.

In Zubko et al.| (2004)), and consequently throughout this thesis, models con-
taining only PAHs and bare grains are designated as BARE, while those that also
include composite particles are labeled COMP. The type of carbon component fur-
ther modifies these labels: models using graphite are tagged with -GR, those with
amorphous carbon with -AC, and those in which PAHs are the only carbon source
with -NC. Accordingly, the five models are named BARE-GR, COMP-GR, BARE-
AC, COMP-AC, and COMP-NC. Each of these is tested against three different
abundance sets: solar, B stars, and F and G stars, denoted, respectively, as -S, -B,
and -FG.

Given these dust compositions, the task of simultaneously fitting the three key
observational constraints (extinction, infrared emission, and elemental abundances)
constitutes an ill-posed inversion problem, in which the size distributions are un-
known. This challenge is addressed numerically using a regularization technique,
which yields a stable solution for the size distribution. The resulting numeri-
cal solution is then analytically approximated by a function f(a) (in gm='H™!):
f(a) = Ag(a), where A is a coefficient to normalize the distribution to the number
of hydrogen atoms (H~') and g(a) (in um™!) is approximated with the function

3Dust grains not coated by icy or molecular mantles.
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Figure 1.4: Left panel: Intensity of IR dust emission per hydrogen atom observed
with DIRBE (Arendt et al. |1998) and FIRAS (Dwek et al. 1997). Right panel:
Elemental abundances of dust based on those of the Sun, F and G stars, and B
stars. The black solid line represents the abundances in the [Li and Draine| (2001))
model. Figures from [Zubko et al| (2004).

g(a):

ml m2

log g(a) = co+blog(a)—by —by —bs|a—as|™ —by|a—ay|™.

log (ail) log(a%) "

This expression involves 14 parameters, which are tabulated in Tables 7 through 21
of [Zubko et al.| (2004), corresponding to each dust model composition. The dust
distribution obtained for the BARE-GR-B and the COMP-AC-FG models are shown
in Figure [1.5] as a reference.

The Hirashita and Murga Model

In contrast to the other models discussed above, Hirashita and Murgal (2020) devel-
oped a comprehensive scheme that models the evolution of the grain size distribution
from first principles. Their approach accounts for a wide range of processes, includ-
ing stellar dust production, dust destruction by supernova shocks in the ISM, dust
growth via accretion and coagulation in dense ISM regions, and dust disruption
through shattering. In this framework, interstellar dust is grouped into two main
types — silicate and carbonaceous grains — with the latter further divided into aro-
matic and non-aromatic forms. Given the dependence of dust evolution processes
(such as accretion, coagulation, and shattering) on ISM density, the authors intro-
duce a key parameter, the mass fraction of the dense gas (7qense), t0 quantify these
effects.

Their results indicate that, at an age of approximately 10 Gyr and for a dense
gas fraction of 7)gense = 0.5, the modeled extinction curves closely resemble those
observed in the Milky Way in terms of both the far-ultraviolet slope and the strength
of the carbon bump. Furthermore, by adopting a shorter star formation timescale
and increasing the dense gas fraction to 7gense = 0.9, the resulting extinction curves
exhibit features comparable to those observed in the Small Magellanic Cloud and in
high-redshift quasars.

11
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Figure 1.5: BARE-GR-B (left panel) and COMP-AC-FG (right panel) dust size
distribution models from Zubko et al.| (2004). For comparison the MRN size distri-
butions are shown, for silicate (upper straight line) and for graphite (lower straight
line).

Figure [1.6] illustrates the temporal evolution of the grain size distribution as
obtained by |Hirashita and Murga, (2020)), along with a comparison with the canonical
MRN  slope, for three values of the dense gas fraction: 0.1 (left panel), 0.5 (center
panel), and 0.9 (right panel). In addition to the grain size distribution (top), the
evolution of the aromatic fraction is also presented (bottom).

1.2.6 Gas to Dust ratio

To study the global relationship between gas and dust, we can compare an indicator
of the gas content with an indicator of the dust content. The total amount of gas
along a given LOS, expressed as hydrogen column density, Ny (Sect. , can be
measured using different methods, such as ultraviolet absorption lines, 21 ¢m and
CO emission, or X-ray spectral fitting. These techniques probe different phases of
the interstellar medium and may yield slightly different values of Ng. Instead, the
color excess (Sect. can be used as an indicator of the amount of dust along the
LOS. The hydrogen column densities and the color excess, obtained for a number
of stars in a wide distance range and different directions, can be plotted as points
on an Ny vs. FEp_y plot. When these quantities are obtained for a large number
of stars in various Galactic directions, their comparison reveals a clear positive
correlation, as shown in Fig. [I.7] In that figure, the hydrogen column densities are
derived from ultraviolet absorption lines, while the corresponding color excesses are
obtained from optical reddening measurements of about one hundred stars and can
be best represented by the following straight line:

N(HI + 2H,)/ Ep.y = 6 x 10* atoms m ™ *mag ™!, (1.14)

where N(HI+ 2H,) is the column density of hydrogen atoms and Ep_y is the color
excess. This correlation suggests that the interstellar clouds that contain the dust
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Figure 1.6: Grain size distribution (top panel) and aromatic fraction (bottom panel)
as functions of grain radius (a). The solid, dotted, dashed, dot-dashed, and triple-
dot-dashed lines correspond to evolutionary times of t = 0.1, 0.3, 1, 3, and 10 Gyr,
respectively. Note that all lines overlap in the bottom panel. For reference, the
thin dotted straight line in the top panel indicates the slope of the MRN grain size
distribution (n oc a=3%). The pink shaded region highlights the characteristic range
for the grain radius of PAHs. Left panel: ngense = 0.1. Middle panel: ngense = 0.5.
Right panel: 7gense = 0.9. Figures from Hirashita and Murga (2020)).

also contain hydrogen in approximately proportional amounts.

In X-ray astronomy, the Ny value can be derived from spectral analysis of rela-
tively bright X-ray sources by assuming a photoelectric absorption model and abun-
dances. The expected optical extinction, Ay, for the possible optical counterpart
of the X-ray source can then be estimated from Eq. and Eq. [I.8] Over the
years, the relationship between optical extinction and X-ray absorption has been
derived from different classes of astrophysical objects and with different telescopes.
The following works can be taken as examples: Zhu et al.| (2017)) utilized supernova
remnants, planetary nebulae, and X-ray binaries in their research. Watson| (2011)
conducted a study based on a substantial sample of several hundred gamma-ray
bursts, while [Vuong et al.| (2003) focused on T-Tauri stars in six nearby star-forming
regions. These studies show that, although there is a clear correlation between Ny
and Ay, the normalization of this relation can vary significantly depending on the
sample and environment considered. |Zhu et al. (2017)), for example, report values
in the range Ng/Ay ~ (1.0-2.9) x 102 Hem 2 mag! . Despite this scatter, once
a specific relation is adopted, it provides a useful means to convert X-ray measure-
ments of Ny into optical extinctions—or, conversely, to estimate the expected X-ray
absorption from optical or infrared observations.

1.3 The structure of the Galaxy

One of the main goals of studying the ISM is to reconstruct the structure of the
galaxy we live in. The Milky Way (illustrated in Figure is a barred-spiral galaxy
(Bland-Hawthorn and Gerhard, [2016)) with a stellar disk of radius ~15 kpc. The
Sun is approximately 8 kpc from the center. Despite extensive studies throughout
the last century, the exact spiral structure of the Milky Way is not yet well defined.

The Galactic structure is reconstructed on the basis of different tracers. The
most widely used tracers are 6.7 GHz methanol masers, giant molecular clouds

13
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Figure 1.7: Correlation between hydrogen column density derived from ultraviolet
absorption lines and color excess caused by interstellar dust along the lines of sight
toward ~100 stars. Each point corresponds to an individual star. Figure from Bradt|
(2004]).

Outer Arm

Figure 1.8: Schematic representation of the Milky Way. Spiral arm structures are
labeled, with the Galactic Center marked by a black cross and the Sun indicated by
a yellow asterisk. Red regions within the spiral arms denote H II regions. Figure
from |Whittet, (2022).
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(GMCs), HII regions, and clouds of neutral atomic hydrogen (HI). The distances
of the regions identified in HI and HII surveys (see Sect. are typically inferred
from a Galactic rotation curve (Sect. [L.3.1]). The choice and accuracy of the rotation
curve are therefore crucial in assigning kinematic distances of Galactic objects.

HII regions and methanol masers are predominantly associated with star-forming
regions, and GMCs serve as the birthplaces of massive stars. Because of this, their
spatial distribution is expected to be consistent with that of the Galactic young
stellar population. The observed masers are likely dense condensations of interstel-
lar gas and dust located in the vicinity of a recently formed luminous star. Like
lasers, masers generate coherent radiation through the process of stimulated emis-
sion. Masers, however, emit radiation at microwave frequencies, typically at well-
defined spectral lines corresponding to specific molecular transitions—for instance,
H>0O and methanol. The angular positions of individual maser spots are monitored
over time using very long baseline interferometry (VLBI). This technique enables
both trigonometric parallax measurements — providing direct geometric distances
— and determinations of proper motions, and thus of tangential velocities. When
combined with the radial velocities derived from the Doppler shifts of the maser
spectral lines, these measurements also allow the derivation of kinematic distances,
once a Galactic rotation curve is assumed.

A major breakthrough in the study of the Milky Way’s structure was achieved
with the launch of the ESA Gaia satellite in 2013 (Gaia Collaboration et al., 2016)),
which has delivered the most precise and extensive astrometric data set currently
available. By repeatedly observing more than one billion stars, Gaia provides highly
accurate measurements of stellar positions, parallaxes, and proper motions, enabling
the construction of a detailed three-dimensional map of the Galaxy and the inves-
tigation of its kinematics and dynamics. In addition to astrometry, Gaia collects
broad-band photometry and low-resolution spectroscopy, which allow the estimation
of stellar parameters such as effective temperature, luminosity, and radial velocity
for a large subset of stars. Based on these measurements, which are available for the
full sky, Gaia is also able to provide not only precise distances but also estimates of
interstellar extinction for an unprecedented number of Galactic stars, thereby offer-
ing crucial information on the distribution of dust and its impact on observed stellar
properties (see, for example, Lallement et al.|2022}; Green et al.2019; Edenhofer et al.
2024)).

The accuracy of Gaia parallaxes and extinction estimates decreases for faint stars
and in regions of high dust density, restricting reliable measurements to the nearby
Galaxy (~ 1 kpc) and highlighting the need for complementary observations. To
explore more distant regions of the Galactic plane, extinction maps based on IR
data can be utilized. Over the years, significant work has been done in this field.
For example, [Schlegel et al. (1998) used far-infrared dust emission data from the
IRAS and COBE satellites to create an all-sky dust column density map. In 2006,
Lombardi et al. (2006) employed 2MASS photometric data and the color excess
technique to study molecular clouds, while |Schlafly et al.| (2010)) used data from the
Sloan Digital Sky Survey (SDSS). More recently, Rezaei et al.| (2024)) produced a 3D
map of the Milky Way’s plane extending up to 10 kpc using near-IR data from the
SDSS Apache Point Observatory Galactic Evolution Experiment (APOGEE).
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All these tracers contribute to the knowledge of the spiral structure of the Milky
way. Recent studies (Hou, L. G. and Han, J. L. 2014) suggest that our Galaxy
has four spiral arms, which contrasts with earlier models that indicated only two
arms (Oort et al., [1958)). However, uncertainties persist with respect to the exact
morphology of the Milky Way. For example, only in 2011 studying CO emission,
Dame and Thaddeus (2011) identified a new spiral arm beyond the Outer Arm at ~
15 kpc from the Galactic center, at longitudes from 13° to 55°. This new arm was
overlooked in existing 21 cm surveys probably because it is substantially inclined
with respect to the Galactic plane.

1.3.1 Rotation curve of the Milky Way

The main parameters of Galactic rotation curves are the Galactic constants (R,
Vo), where Ry denotes the distance of the Sun from the Galactic center and Vj, the
circular velocity of the local standard of rest (LSR) at the Sun’s position. Various
studies (e.g., |(Clemens||1985; Honma et al.|2015; Reid et al.|2019)) have converged to
values of Ry ~ 8.0-8.3 kpc and V ~ 240 km s

However, the particular position of the Sun within the Milky Way makes it
challenging to measure the rotation velocity of Galactic objects. Observations are
carried out from within the Galactic disk, where dust extinction, non-axisymmetric
structures (such as the Galactic bar and spiral arms), and the peculiar motions of
individual sources introduce substantial uncertainties. Furthermore, different trac-
ers of Galactic rotation—such as H I and CO molecular clouds—can provide slightly
different results depending on the assumptions made about their systemic velocities
and distances. To derive the Galactic rotation curve, several kinematic methods
are typically employed, including the tangent-point method for the inner Galaxy
(R < Rp), and parallax and proper motion measurements of masers through Very
Long Baseline Interferometry (VLBI) for sources distributed across the disk (e.g.
Reid et al.|2019).

1.4 Open questions on interstellar dust

As discussed in previous sections, over the past decades our understanding of inter-
stellar dust has grown significantly. However, The exact composition of ISM dust
is still not fully established. For example, it is not clear whether olivine or pyrox-
ene is the dominant silicate in the ISM, and the form in which iron exists within
dust grains remains uncertain. Observations indicate that interstellar dust is largely
amorphous, yet the processes responsible for this amorphization are still debated.
Both cosmic-ray irradiation and grain growth within the ISM have been proposed
as possible causes. Similarly, the characteristics of the dust size distribution are not
well constrained, particularly regarding the existence and importance of very large
grains.

In addition, the spatial distribution of dust and gas throughout the Galaxy
remains an open question, with considerable uncertainties in the outer regions.

X-ray observations offer a promising avenue for addressing these ongoing uncer-
tainties and shed light on the nature and behavior of interstellar dust.
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Chapter 2

X-rays to study dust

Similarly to optical radiation (Sect. , X-rays interact with interstellar dust
through both absorption and scattering. The launch of the XMM-Newton and
Chandra X-ray observatories in 1999 (see Appendix |A]) marked the beginning of a
new era in the study of interstellar dust at X-ray wavelengths. Thanks to their large
effective area and their excellent angular and energy resolution, these telescopes
are well-suited for detailed investigations of these phenomena. The following two
sections will explore the theory behind absorption and scattering in detail.

2.1 X-ray scattering

As discussed in Sect. the interaction between starlight and interstellar dust
involves both absorption and scattering processes. At relatively low photon energies
(from infrared to ultraviolet wavelengths), photons may be scattered elastically by
atoms or molecules, being temporarily absorbed and re-emitted without a change
in energy. This process, known as Rayleigh scattering, is strongly wavelength de-
pendent with shorter wavelengths being scattered more efficiently than longer ones
(see Sect. [1.2.1]). At higher photon energies, exceeding the ionization threshold of
the atom, the dominant process is Thomson scattering. In this case as well, the
photon is absorbed and promptly re-emitted in a different direction by a free elec-
tron, with its initial energy fully preserved. However, unlike Rayleigh scattering,
Thomson scattering is independent of the frequency of the incident radiation. An
example of Thomson scattering can be observed when X-rays interact with atmo-
spheric molecules in a room near an X-ray generating machine. The scattering arises
mainly from the outer-shell electrons of air molecules, whose binding energies are
much lower than the energy of the incident photons. In this context, even the scat-
tering of X-rays by interstellar dust can be interpreted as Thomson scattering by
quasi-free electrons within the dust grains, where the angular dependence of the
scattered intensity is mainly governed by the spatial distribution and size of the
grains rather than by the radiation frequency. In the hard X-ray range (> 30 keV),
Compton scattering becomes the dominant interaction mechanism. This process is
an inelastic scattering between the photon and an electron, in which the photon
transfers part of its energy to the electron and is therefore deflected with reduced
energy. However, the cross-section for the interaction of dust with X-rays strongly
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decreases with energy, and therefore X-ray dust-scattering is not expected to have
detectable effects at such high energies.

The idea that X-rays could be scattered by interstellar dust was first proposed by
Overbeck| (1965)), shortly after the discovery of the first X-ray point sources beyond
the Solar System (Giacconi et al. 1962). However, the first detection of a dust
scattering halo was not made until more than a decade later, around the bright
low-mass X-ray binary GX 339-4, using the Einstein Observatory (Rolf, |1983). The
launch of the German satellite ROSAT in 1990 (Truemper, |1982)) enabled the first
systematic survey of X-ray scattering halos, strengthening the connection between
X-ray observations and the optical properties of the ISM.

X-ray scattering by dust is constrained to very small angles, typically less than
one degree, and is only in the forward direction. This is because the characteristic
scattering angle scales with the photon wavelength and the grain size as ~ \/2wa,
effectively confining the scattered radiation to small angles and low energies. Due
to the small scattering cross sections, only a small fraction (usually a few percent)
of the incident X-ray flux is deflected. Consequently, the observation of a detectable
scattering halo requires both a bright X-ray source and a significant column of
interstellar dust along the LOS.

We can divide the X-ray scattering signals into 3 groups:

e Constant dust scattering halos, formed by persistently bright X-ray sources
behind a large amount of dust. These are the easiest to observe and were first
extensively studied with the Einstein Observatory, followed by subsequent X-
ray missions.

e Variable dust scattering halos, formed by bright but variable X-ray sources
behind a thick veil of dust.

e X-ray expanding rings (see Fig. for a few examples). When the X-ray
source undergoes a distinct flare followed by a period of quiescence and the
dust is concentrated in sufficiently thin dust layers, the scattering generates
discrete expanding rings (one for each dust layer) instead of a diffuse halo,
since only the photons scattered at a well-determined angle are detected at a
given time.

The observation of dust-scattered X-rays is a time-dependent phenomenon. Scat-
tered photons arrive later than direct ones because of their longer travel paths, a
consequence of the scattering geometry (illustrated in Fig. . This time delay
plays a crucial role in the study of variable halos and, more strikingly, expanding
X-ray rings. The angular size of the formed expanding ring, 6, is given by the

relation:
2cAt Ddust
= 1-— 2.1
6 \/Ddust ( D ) 7 ( )

where ¢ is the speed of light, At is the time delay between direct and scattered
X-rays, D is the distance to the X-ray source, and D, is the distance to the dust
cloud (Miralda-Escudé, [1999).

In the case of Galactic X-ray sources, if the distance to the dust layer is known,
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Figure 2.1: Left panel: XMM-Newton image of the three dust-scattering rings pro-
duced by the bursting activity of the Galactic magnetar 1E 1547.0-5408 (Tiengo
et al., 2010). Middle panel: Combined Chandra and Swift observations of the light
echo generated by the 2015 outburst of the black hole X-ray binary V404 Cygni,
displaying eight rings (Heinz et al., 2016). Right panel: The giant dust scattering
ring (diameter > 1°) around the black hole transient MAXI J1348-630 observed by
SRG/eROSITA during its first X-ray all-sky survey (Lamer et al., [2021)).
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Figure 2.2: Geometry of the X-ray dust scattering phenomenon.
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this method can be used to infer the distance to the source; conversely, if the source
distance is known, this method can be used to infer the distance of the dust layer.

In the case of an extragalactic X-ray source (e.g. a Gamma-Ray burst) scattered
by Galactic dust, the distance to the X-ray source, D, is much greater than the
distance to the dust layer, Dg,s. Under these circumstances, since Dy, /D is very
small, the expression for the angle 6 simplifies to the following:

At[days]
Ddust [kpC] ‘

Thus, by analyzing the expansion of the rings over time, one can determine the
distance to the intervening dust clouds.

The intensity of the scattered radiation depends not only on the property of the
X-ray radiation but also on the spatial distribution of the dust along the LOS and
the scattering cross section of the dust, with the latter being determined by the
physical properties of the grains. By studying the temporal and spectral evolution
of the expanding X-ray rings, it is therefore possible to simultaneously infer the
characteristics of the intervening dust and the properties of the X-ray emission
that generated them — such as its fluence and spectral shape. This relation can be
expressed as:

flarcmin| = 4.455 (2.2)

AOscay Fu(t = tons — Al)
aQ (1—x)? ’
where Ny denotes the hydrogen column density responsible for the halo, dogc, ., /dS2
represents the differential dust scattering cross section, F),(¢) is the flux of the flare
at time ¢, and © = Dgys/D indicates the relative position of the dust layer as a
fraction of the distance to the source. In the case of a short flare, the flux density
of each ring is calculated through integration over 6, keeping dogc,,/d2 constant
across the ring:

I, = Ny (2.3)

I _ 2mcNu  doscay
meY T 2(1—2)D  dQ
where F,, represents the fluence of the flare. The exact scattering cross sections
can be calculated using the Mie theory, which is discussed in detail in the next
section.

Fu, (2.4)

2.1.1 The Mie Theory

The total attenuation of an incident electromagnetic beam by a particle is quanti-
tatively described by the extinction efficiency factor, defined as the ratio between
the particle’s extinction cross section (Cey) and its geometric cross section, Ta?:

C
Qext = LX;-
Ta
The extinction efficiency can be further decomposed into the sum of the absorp-
tion and scattering efficiency factors:

Qext = Qabs + Qsca- (26)

(2.5)
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Figure 2.3: Mie theory results for spherical grains characterized by a refractive index
m = 1.5 — 0.05¢, shown as a function of the size parameter X. Figure from Whittet
(2022).

Both Q.ns and Qg depend on two key parameters:

e a dimensionless size parameter, X = 2% which relates the radius of the

)
particle a to the wavelength A;
e the complex refractive index of the material, m = n — ik.

Therefore, to compute Q.ps and Q.. for a given grain material, the refractive
index components n and k£ must be determined at each wavelength .

This problem involves solving Maxwell’s equations with the appropriate bound-
ary conditions at the particle surface. The first analytical solution was provided
by Mie| (1908), and the method is now known as Mie theory. Figure shows the
results of the Mie theory for spherical grains with a constant complex refractive
index.

Once Qg is known, the scattering cross section Cy., can be directly computed
from Equation as:

C1sca = 7Ta/2QSCa' (27)

2.1.2 Rayleigh-Gans approximation

The Rayleigh-Gans regime is applicable when the following two conditions are sat-

isfied (Smith and Dwek| [1998):

e The reflection from the surface of the dust particle is negligible, which means
‘m o 1| <1,

e The phase shift of the incident wave inside the particle is negligible, i.e.
(2wa/N) |m — 1] < 1.

Under these conditions, the differential scattering cross section can be analytically
described (Mauche and Gorenstein, [1986) by:

do o 2ma ! o J1(y) i 2
(d_§2> (E,a,¢) = 2a (T) lm — 1 (T) (1 + cos” ¢). (2.8)
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Where y = (4ma/\)sin(¢/2) and j; is the spherical Bessel function which can be
well approximated by a Gaussian factor:

4
d 2 1 i
(d_g> (E,a,¢) ~ 2a° (%‘1) 1P 9 exp( - 23/72) (14 cos® ¢), (2.9)

with ¢ which is a function of the energy and size of the dust particle. For typical
grain sizes of interstellar dust, this approximation has limitations at energies below
2 keV, where the second condition is no longer satisfied and the calculated cross
sections deviate from those predicted by Mie theory. Furthermore, this discrepancy
becomes more pronounced for larger grain sizes. Most of the signal from the observed
X-ray rings is concentrated below 2 keV so the Rayleigh-Gans approximation is not
appropriate for the high quality X-ray spectra analyzed in this thesis.

2.1.3 Nonspherical grain

The Mie theory assumes that dust grains are homogeneous and spherical, a conve-
nient but simplified approximation. However, in reality, growth and destruction pro-
cesses are expected to produce irregular grains that are inhomogeneous in structure,
composition, and shape. Even the observed polarization of starlight requires that
interstellar grains be both appreciably non-spherical and partially aligned (Hiltner),
1949). As starlight propagates through the dusty interstellar medium, it becomes
linearly polarized due to the preferential attenuation of one of the linear polarization
modes. In addition to this, aligned dust grains produce polarized thermal emission
at wavelengths from the far-infrared to the microwave.

An extension of the classical theory to account for particles with inhomogeneous
composition can be achieved through Effective Medium Theory (EMT), in which a
grain is modeled as an aggregate of cells made of different materials.

The effect of nonspherical grains on the X-ray scattering halo is to make it non-
azimuthally symmetric, since the scattering cross section becomes dependent not
only on the scattering angle but also on the orientation of the grains with respect
to incident radiation (Draine and Allaf-Akbari, 2006).

2.1.4 Pseudo-distance distribution approach

In Tiengo and Mereghetti| (2006]) a new method was proposed to visualize and detect
an expanding X-ray ring. This approach involves constructing a dynamical image,
where photon counts are binned according to a new coordinate system defined as:

X;=ti—tp=At;

Vi = (z; —xp)’ + (vi —yp)’* =6},

where t; is the arrival time of the i-photon, z; and y; the detected position, tg the
time of the burst, and xp and yp the detected burst position. In this representation,
each point in the dynamical image corresponds to a specific angular distance and
time delay. Stationary celestial sources appear as horizontal lines (constant angular
position over time), while, according to Eq. , expanding X-ray rings manifest
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themselves as inclined lines, with slopes inversely related to the distance of the
scattering dust (Fig. [2.4]).
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Figure 2.4: Dynamical images derived for XMM-Newton follow-up observations of
GRB 050713A (left panel) and for GRB 031203 (right panel). The expanding rings
are highlighted with orange arrows. Figure adapted from Tiengo and Mereghetti
(2006)).

Based on this coordinate transformation, a quantity known as the pseudo-distance
can be defined as:

For events that are not related to dust-scattered photons, this quantity does not
represent a true physical distance. However, for photons from a ring that expands
according to Eq. [2.1] the pseudo-distance, D;, corresponds to the distance of the
dust grains that scattered them. Consequently, all the X-rays scattered by a given
dust cloud are detected at times and positions corresponding to approximately the
same values of Dj, resulting in a peak in the pseudo-distance distribution at the
cloud’s distance (Fig. [2.5]).

2.2 X-ray absorption

As discussed in Sect. [[.I.T when the energy of an incoming photon exceeds the
binding energy of an atomic electron, the photon can ionize the atom by ejecting
the electron with kinetic energy equal to E' — Ey, where E is the photon energy and
Ey the electron binding energy.

In the X-ray regime, photon energies are sufficiently high to remove electrons
from the innermost atomic shells (K, L, M). This produces characteristic disconti-
nuities in the absorption spectrum, known as absorption edges, marked by a sudden
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Figure 2.5: Pseudo-distance distribution from XMM-Newton /pn follow-up obser-
vations of GRB 050713A (left panel) and GRB 031203 (right panel). The peaks
corresponding to the expanding rings shown in Fig. [2.4] are highlighted with orange
arrows. Figure adapted from [Tiengo and Mereghetti (20006).

drop in intensity at the binding energy of the ejected electron. Beyond the edge,
the absorption probability decreases approximately exponentially, as photons with
energies above the threshold penetrate more easily through the material, generating
the typical sawtooth pattern (left panel of Fig. [2.6)).

The presence of solid particles modifies these features, producing oscillatory mod-
ulations known as X-ray Absorption Fine Structure (XAFS, Costantini and Corrales
2022). In these cases, the incoming photon interacts with the electron in the shell
as in the gas case, but the photoelectron produced interacts with the neighbor-
ing atoms, creating positive and negative interference (right panel Fig. . This
diffraction pattern depends on the number of electrons and their distance to the
nucleus, therefore revealing the chemical composition and crystallinity of the dust
grains. The XAFS are usually divided into two main regimes: the X-ray absorption
near-edge (XANES) which extends from about 5 to 10 €V below the edge thresh-
old energy to about 50 €V above the edge; and the extended X-ray absorption fine
structure (EXAFS), which extends from ~ 50 eV above the edge energy to some
hundreds eV (Newville, 2004). The XANES are the results of multiple backscattering
with neighbor atoms, instead the EXAFS are the product of single backscattering
(Costantini and Corrales, 2022).

As already said, these features are sensitive to both the composition and the
crystallinity of the dust grains and even to the dust size distribution. Therefore,
modeling this feature offers a unique probe of dust physical properties. The pos-
sibility of observing the XAFS of interstellar grains through high-resolution X-ray
spectroscopy was initially proposed by [Martin| (1970) and Evans| (1986]). However,
the first fine structures due to dust were detected only in 2002 in the X-ray spectrum
of the bright microquasar GRS 1915+105 (Lee et al., 2002). At that time, it was
not possible to characterise them, since a proper X-ray extinction model was not
available. The data in the literature on XAFS did not include measurements tai-
lored for astronomical purposes. The lack of available models prompted laboratory
measurement campaigns to create an adequate database of models (Lee and Ravel,
2005; Lee et al., [2009; (Costantini and de Vries|, 2013).
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Figure 2.6: When X-ray photons interact with a gas (left panel), the resulting ab-
sorption cross section shows a sharp rise at the binding energy. In the presence of
neighboring atoms (right panel), the photoelectron wave scatters, producing inter-
ference patterns that modulate the absorption spectrum. Figure from |Costantini
and Corrales) (2022)).

The spectra of X-ray binaries provide an excellent opportunity to study the ab-
sorption of dust and gas along their LOS. These systems are classified into two
categories based on the mass of the companion star: Low Mass X-ray Binaries
(LMXBs) and High Mass X-ray Binaries (HMXBs). LMXBs within our Galaxy are
particularly well-suited for investigating XAFS due to their significant column den-
sities, high flux, and relatively simple spectra. In fact, most LMXBs do not exhibit
intrinsic absorption features below 10 keV, making them ideal for such studies.

2.2.1 X-ray laboratory studies

A laboratory campaign began in 2010 at SRON in the Netherlands (Costantini and
de Vries, 2013)), with the objective of developing extinction cross-section models for
the analysis of absorption edges in X-ray spectra. For edges in the 1-10 keV energy
range, synchrotron facilities were used to perform the measurements. In particular,
laboratory data for the Si K and Mg K absorption edges were obtained at the LUCIA
beamline (Line for Ultimate Characterization by Imaging and Absorption; Flank
et al.|2006)) of the SOLEIL synchrotron facility in Paris. This beamline operates in
the 0.8-8 keV energy domain, providing access to the K-edges of low-Z elements,
ranging from sodium to iron. The synchrotron measurements can be performed in
either transmission or fluorescence configurations.

In the fluorescence configuration, the secondary X-ray emission produced by the
sample under synchrotron irradiation is detected. These incident X-rays are suffi-
ciently energetic to eject inner-shell electrons, leaving the atomic structure unstable.
The vacancy is subsequently filled by an electron from a higher shell, releasing energy
in the form of fluorescent X-rays. This signal provides information on the degree of
absorption above the edge.

From such laboratory measurements, the imaginary part of the refractive index
can be directly derived. The corresponding real part can then be calculated through
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Figure 2.7: Figure from Zeegers et al. (2019), showing the absorption cross sections
of the Si K-edge of silicate samples. The insets shows the XAFS whith more details,
the differences between the crystalline structures of olivines and pyroxenes can be
observed by comparison of e.g., sample 1 and 4. The effect of amorphization can be
observed by comparing e.g., sample 2 and 3, where some of the XAFS features are
absent in the amorphous sample.

the Kramers-Kronig relations (see Zeegers et al.2019; Rogantini et al. 2019 for
the procedure to obtain n from k, and for a review of the Kramers-
Kronig formalism). As outlined in Sect. the total extinction cross section is
derived by integrating the extinction efficiency-computed here using the Anomalous
Diffraction Theory (ADT; (van de Hulst, [1946]))-over the particle size distribution.
In this context, the ADT provides an approximation that is formally analogous to
Mie theory.

The resulting models, covering different absorption edges and dust compositions,
have been incorporated into the SPEX X-ray spectral fitting code (Kaastra et al.,
2018). As an example, Figure shows the resulting laboratory measurements of

the Si K-edge (Zeegers et al., 2019).
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Chapter 3

The X-ray dust scattering rings
around GRB 221009A

3.1 Introduction

The gamma-ray burst (GRB) 221009A was first reported when its hard X-ray (>15
keV) emission triggered the Swift Neil Gehrels observatory/Burst Alert Telescope
(Swift/BAT) instrument on 2022 October 9 at 14:10:17 UT (Dichiara et al., 2022).
Due to its low Galactic latitude and long duration, it was initially believed to be a
new Galactic transient. However, it soon became clear that Swift /BAT was triggered
by the afterglow of a very bright and long GRB, which had been detected with
the Gamma-Ray Burst Monitor (GBM; 10 keV-25 MeV) on board Fermi about 1
hr earlier (Kennea et al., [2022; [Veres et al. 2022). Observations of the afterglow
with X-shooter at ESO’s UT3 of the Very Large Telescope determined a redshift of
z = 0.151 (de Ugarte Postigo et al., 2022)), which, assuming a flat ACDM cosmology
with Hy = 67.4 kms~! Mpc~! and Q,, = 0.315, corresponds to a luminosity distance
of d, = 745 Mpc (Malesani et al., 2023), placing it among the most energetic GRBs
ever detected. GRB 221009A is, in fact, the brightest GRB ever recorded (Burns
et al., 2023)) and its prompt emission saturated most X-/gamma-ray instruments. It
occurred in a direction close to the Galactic plane (b = 4°.32, 1 = 52°.96), resulting
in the formation of 21 X-ray rings due to scattering by interstellar dust in our Galaxy
(Tiengo et al., [2023; [Vasilopoulos et al., 2023; Williams et al., 2023, Zhao and Shen),
2024). GRB 221009A presents a unique opportunity to investigate the Galactic
ISM through X-ray scattering and absorption because of the combination of its
exceptional fluence and its ideal position in Galactic coordinates. A GRB with this
luminosity occurring at such a close distance is estimated to be a once-in-10,000-year
event (Burns et al., |2023), and its line of sight intercepts all the Milky Way spiral
arms up to a distance of nearly 20 kpc from us (Williams et al., 2023; [Tiengo et al.
2023; |Vasilopoulos et al., 2023)). These X-ray dust scattering rings were observed
by the X-ray Telescope (XRT) on Swift (Vasilopoulos et al., 2023; [Williams et al.|
2023), XMM-Newton (Tiengo et all [2023)), the Imaging X-ray Polarimetry Explorer
(IXPE) (Negro et all 2023), and Chandra.
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Figure 3.1: Pseudo-distance distributions in the 0.7-4 keV energy band for the two
XMM-Newton observations (Obsl: left; Obs2: right). Arrows indicate the ring
numbers as reported in [Tiengo et al. (2023), which are also adopted in this thesis.
MOS2 data are in red, pn in blue, and the green line in the left panel indicates the
best-fit model with a power law plus 9 Lorentzian functions. Figure from [Tiengo
et al.| (2023)).

3.1.1 GRB 221009A soft X-ray prompt emission

Tiengo et al.| (2023)) derived the fluence and spectrum of the soft X-ray emission of
GRB 221009A from the two observations of its dust-scattering rings, performed a few
days after the GRB by the XMM-Newton satellite. The expanding dust-scattering
rings were investigated using the method of the pseudo-distance distribution outlined
in Section 2.1.4] The resulting pseudo-distance histograms from the two XMM-
Newton observations (Fig. [3.1)) exhibit multiple peaks, indicative of many discrete
dust-scattering layers located at different distances along the line of sight.

Each instrument’s histogram was independently modeled by fitting a combina-
tion of a power-law component (accounting for the background, which was not sub-
tracted in this analysis) and multiple Lorentzian profiles. In total, twenty distinct
dust layers were identified.

Among all detected rings, only the brightest one (ring 6) allowed a reliable es-
timate of the dust content in the cloud responsible for its formation, based on the
available optical-IR extinction maps. Its spectrum (see Eq. was therefore ex-
tracted and fitted using the XSPEC model: CONSTANT x TBABS x ZTBABS x
RINGSCAT X PEGPWRLW. In this model, RINGSCAT accounts for the dust-scattering
optical depth, calculated for different dust models characterized by various composi-
tions and size distributions (e.g. Zubko et al.[2004; Mathis et al.|1977} Draine2003).
The constant term represents the inverse of the exposure time, while the prompt
GRB emission is modeled as a power law (PEGPWRLW) modified by both Galac-
tic (TBABS) and host-galaxy (ZTBABS, with redshift fixed at z = 0.151; Malesani
et al.[[2023)) absorption, following the prescription of[Wilms et al. (2000). The Galac-
tic column density was fixed to Ny g = 7 x 10> em ™2, which is the average value
inferred from the Planck two-dimensional dust map (Planck Collaboration et al.
2014) at the ring position. The dust column density of the cloud producing ring 6
was estimated from the extinction map of Lallement et al.| (2022)), which displays
an excess corresponding to ANy = 8 x 10%° em~2 at the cloud distance.
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To distinguish between competing dust models and better constrain the spectral
shape of the GRB 221009A prompt X-ray emission, Tiengo et al.| (2023) performed
a broader spectral fitting analysis using the same XSPEC model described above.
This included a simultaneous fit of the spectra for rings 1-6 from Obsl1, which were
entirely within the MOS2 field of view and originate from dust located between 350
and 800 pc. Since the differential extinction due to each dust cloud could not be
separated, the cumulative contribution in this distance range (ANyz = 4x 10*' cm™2)
was assumed (Lallement et al., 2022). Additionally, a separate fit was carried out
using 19 rings, incorporating pn data from rings 7-19 in Obs2, and adopting a
column density based on |[Lallement et al.| (2022) of ANy = 6.7 x 10*! cm™2, for the
cumulative column density in the 19 dust clouds.

The results of these spectral fits are summarized in Table[3.1] Among the tested
models, BARE-GR-B (see Sect. provided the best match to the observed
data, producing the most reliable estimation of the X-ray fluence of GRB 221009A
in the 0.5-5 keV band: 2.6 x 1073 erg cm~2, which is approximately an order of mag-
nitude higher than the value derived by extrapolating the high-energy (>20 keV)
prompt emission model to lower energies.

In this chapter, we use the same dataset of Tiengo et al| (2023) supported by
observations with the XRT onboard Swift to study the distribution of interstellar
dust responsible for scattering, both along the line of sight and in the plane of the sky.
Here, we mostly focus on clouds within 800 pc, which can also be identified through
optical extinction. Section details the reduction of the observations, Section
outlines the analysis and the results, in Section we discuss the results, and in
Section presents our conclusions. This work is published in [Vaia et al.| (2025).

3.2 Observations and data reduction

In this study, we examine Swift/XRT and XMM-Newton observations of GRB
221009A, performed between October 10 and October 14. The associated obser-
vation IDs are presented in Table [3.2] In later time observations, only the rings
produced by the most distant clouds were fully covered (see Eq. [2.2). On the
other hand, Swift exposures taken within 1 day from the GRB discovery were not
considered because the windowed-timing mode was used and no 2D images were
produced.

3.2.1 XMM-Newton

XMM-Newton observed GRB 221009A for 50 ks on October 11, 2022 (Obsl) and
for 62 ks on October 14, 2022 (Obs2). To minimize pileup in Obsl, the EPIC pn
(Striider et al., 2001) and the two EPIC metal oxide semiconductor (MOS) cameras
(Turner et al., 2001)) were operated in timing mode, with the thick optical-blocking
filter. In timing mode, only the peripheral CCDs of the MOS cameras offer full
imaging capabilities from ~ 5" to ~ 15, from the target position. In Obs2, all EPIC
cameras were in full-frame mode, and the thin optical filter was used. The second
part of this observation was affected by strong and variable particle background.
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221009A
Dataset Dust Nu,* Tere? GRB fluence® Xz/d.o.f.
model (102! cm~2) (1073 erg cm—?)
Ring 67 BARE-GR-B 4.9£0.6 1.3+0.1 2.57£0.05 36.77/30
BARE-GR-S 5.0+0.6 1.24+0.1 2.52%0.05 40.76/30
BARE-GR-FG 5.0+0.6 1.240.1 2.52£0.05 39.77/30
COMP-GR-B 5.8+0.6 1.24+0.1 4.240.1 45.55/30
COMP-GR-S 5.3£0.5 1.05£0.09 4.44+0.1 34.57/30
COMP-GR-FG 5.9£0.6 1.1+0.1 4.0£0.1 41.05/30
MRN 6.7£0.6 1.5+0.1 2.03£0.04 44.57/30
Draine (2003) 6.7£0.5 1.1+0.1 2.41£0.06 34.94/30
Rings 1-6° BARE-GR-B 4.6+0.4 1.39+0.05 1.9440.02 103.83/72
BARE-GR-S 5.3+£0.4 1.31+£0.05 1.87+0.02 107.46/72
BARE-GR-FG 5.6+0.4 1.32+0.05 1.89+0.02 117.45/72
COMP-GR-B 5.6£0.4 1.17+£0.05 3.09£0.03 110.10/72
COMP-GR-S 6.7£0.4 1.0840.05 3.23+0.04 143.07/72
COMP-GR-FG 6.3£0.5 1.09+0.05 2.91£0.04 124.39/72
MRN 7.5£0.5 1.4440.05 1.55+0.02 141.06/72
Draine (2003) 7.1+0.4 1.12+0.05 1.59£0.02 99.39/72
Rings 1-19/ BARE-GR-B 4.4£0.3 1.37+0.04 1.67+0.02 194.34/155
BARE-GR-S 4.6£0.4 1.20+0.04 1.53+0.01 210.77/155
BARE-GR-FG 4.6£0.3 1.18+0.04 1.5440.01 235.18/155
COMP-GR-B 5.1+0.2 1.08+0.04 2.47£0.03 204.99/155
COMP-GR-S 5.2£0.2 0.86+0.04 2.521+0.03 298.95/155
COMP-GR-FG 5.0£0.4 0.8940.04 2.28+0.02 257.26/155
MRN 6.0£0.4 1.21+0.04 1.2440.01 302.54/155
Draine (2003) 6.3+£0.4 1.00+0.04 1.254+0.01 211.10/155
@Absorption in the host galaxy (z = 0.151). °Photon index of the GRB prompt emission

“Unabsorbed GRB fluence in the 0.5-5 keV energy band. 9PN and MOS2 spectra of ring
6 in Obs2, assuming ANpg=8x10%° cm~2 in the dust cloud. °MOS2 spectra of rings 1-6 in
Obsl, assuming ANy = 4 x 10*' ecm™2 in the 6 dust clouds. fMOS2 spectra of rings 1-6 in
Obs1 and PN spectra of rings 7-19 in Obs2, assuming ANy = 6.7 x 102! cm~2 in the 19 dust clouds.

Table 3.1: Best-fit parameters of the GRB prompt emission derived from different
choices of dust-scattering rings and dust models, from [Tiengo et al.| (2023)). All
uncertainties are at 1 o.

Table 3.2: Log of the Swift /XRT and XMM-Newton observations of GRB 221009A.

Satellite /Instrument Obs. ID Start time (UTC) Stop time (UTC)  Exp. time
Swift/XRT 01126853004 2022-10-10T08:05:13  2022-10-10T'17:23:57 3.0 ks
Swift /XRT 01126853005 2022-10-10T18:31:37  2022-10-10T19:02:39 1.5 ks
Swift/XRT 01126853006 2022-10-10T20:22:49 2022-10-11T13:50:34 13.0 ks
XMM-Newton/MOS2 0913991501  2022-10-11T20:52:49  2022-10-12T10:46:09 50.0 ks
Swift/XRT 01126853008  2022-10-12T01:15:43  2022-10-12T21:54:53 3.0 ks
Swift/XRT 01126853009  2022-10-13T00:42:50  2022-10-13T04:22:52 4.4 ks
XMM-Newton/MOS2 0913991601  2022-10-14T05:41:21  2022-10-14T22:52:21 33.5 ks
XMM-Newton /pn 0913991601  2022-10-14T05:41:21  2022-10-14T22:52:21 29.7 ks
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Therefore, we limited the analysis to the longest uninterrupted time interval with
quiescent background, resulting in a net exposure time of 33.5 ks for the MOS2
and 29.7 ks for the pn. We do not report the analysis of the MOS1 data for either
observation due to the permanent damage sustained by two external CCDs during
the early stages of the mission.

To subtract the contribution from the X-ray background as well as from the GRB
afterglow and its possible dust-scattering halo in Obs2, without any contamination
from X-ray rings, we searched for archival observations of extragalactic point sources
with similar flux and spectrum and behind a significant amount of Galactic dust. As
our best choice, we selected an observation of the bright high-redshift quasar RBS
315 (Observation ID: 0690900201) performed in January 2013, at a similar phase of
the Solar Cycle, in order to have a similar contamination from the unfocused particle
background (Gastaldello et al., |2022)). This quasar is located in a relatively dusty
region (A, = 0.7, Schlafly and Finkbeiner|2011]) and was observed by XMM-Newton
in full-frame mode with the thin filter, as in Obs2.

The data were processed using Science Analysis Software (SAS) 20.0.0 (Gabriel
et al., 2004) and the latest calibration files. The EPIC events were cleaned with
standard filtering expressionsﬂ. Point-like sources were removed by excluding circu-
lar regions after running the SAS source detection task emldetect. For the spectral
analysis response matrices were generated using the SAS tasks rmfgen and arfgen.

3.2.2  Swift-XRT

In this work, we analyzed Swift observations of GRB 221009A made with XRT from
October 10 to October 13, all taken in photon-counting mode. The corresponding
observation IDs are listed in Table [3.2] Additionally, we used late-time observations
of the GRB performed in March and April 2023 (observation IDs from 01126853076
to 01126853084) to create a single sky background event file. We also employed ob-
servations from October 25-29, 2022 (Observation IDs 01126853023 to 01126853027),
where the GRB afterglow was still present but the rings were sufficiently large and
faint, to isolate the afterglow contribution.

The data were processed with standard procedures using the FTOOLS task
xrtpipeline. Point-like sources were removed by excluding circular regions after
source detection (we chose to exclude point-like sources with a signal to noise ratio
> 3). For the spectral analysis the Redistribution Matrix File (RMF) was obtained
from the calibration database released on 01-01-2013 and the Ancillary Response
Files (ARFs) were created using the task xrtmkarf (imposing psfcorr=no).

3.3 Data analysis and results

Since Swift/XRT began observing GRB 221009A in photon-counting mode one day
after the burst, it could observe rings formed by dust clouds at heliocentric distances
smaller than 300 pc, which were already outside the EPIC field of view (FOV) during

For pn  data: #XMMEA_EP&& (FLAG==0) && (PATTERN<=4) and for MOS:
#XMMEA_EM& & (PATTERN<=12) .
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Sector 2

Figure 3.2: XMM-Newton combined X-ray observations of GRB 221009A, with the
two sectors used for our analysis highlighted.

the XMM-Newton observations (see Eq. . Unfortunately, due to the telescope’s
off-axis pointing, we were not able to observe these rings across the entire Swift /XRT
FOV, but only within a 105° wide sector (290° — 395°, measured counterclockwise
from the West direction) which extended up to 14’ from the GRB. This sector, that
we will call Sector 1 (see Fig. , represents therefore the only region in which
we can map the dust distribution throughout the whole Galaxy (from ~ 0.1 to
~ 20 kpc). As noted in Tiengo et al|(2023), there are significant variations in the
azimuthal distribution of the surface brightness of the brightest X-ray rings, which
can be explained by the non-uniform distribution of dust in the intervening clouds.
To exploit this azimuthal variation, we selected another sector with the same size
as Sector 1 (Sector 2; see Fig [3.2)). The selection of this sector was driven by the
analysis of X-ray absorption in Obs2, as outlined in the following paragraph (3.3.1)),
which showed that Sector 2 (75° — 180°) is the only region with a significant Ny
excess. This result is also confirmed by the total Ng map of the GRB 221009A
region estimated from Planck submillimeter data of thermal dust emission (see Fig.

53).

3.3.1 Azimuthal Variability of X-ray absorption

To optimize the selection of azimuthal sectors for mapping the Galactic dust in the
directions around the GRB 221009A position, a spectral analysis of annular sectors
with similar numbers of counts was performed to evaluate the possible variation of
X-ray absorption. The MOS2 field of view in Obs2 was divided into seven concentric
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Figure 3.3: Map showing the total hydrogen column density in the sky region sur-
rounding GRB 221009A (Planck Collaboration et al., 2014). White circles with radii
of 2" and 12" mark the area covered by the X-ray rings observed with XMM-Newton,
with the two sectors — used in this analysis — highlighted. The figure has been

adapted from Tiengo et al. (2023).
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annuli (labeled rings A through G) with adjacent scattering rings grouped together
to form regions containing at least 8000 counts (Fig[3.4). Each ring was then further
subdivided into eight sectors, ensuring that all sectors within the same ring had
about the same number of counts (>1000, to maintain sufficient statistics). The
background spectra were obtained from the same region but extracted from the late
time observation made with XMM-Newton on November 11. The spectra of each
annular sector were simultaneously fit using the XSPEC model already adopted in
Tiengo et al|(2023) and already described in Section[3.1.1} CONSTANT x ZTBABS X
TBABS X RINGSCAT X PEGPWRLW. For this analysis, we adopted the dust model
that provides the best-fit to the spectra of the 19 X-ray rings studied in |Tiengo et al.
(2023) (see Table [3.1): BARE-GR-B. All the parameters were fixed to the best-fit
values found in Tiengo et al. (2023), except for the Galactic absorption and the
overall normalization (CONSTANT). An acceptable fit (x?/dof = 2207/2177; nhp =
32%) was obtained, which means that the angular dependence of the scattering cross-
section (modeled by the RINGSCAT spectral component) and a spatially-variable
Galactic absorption can fully explain the spectral variability detected across the
MOS2 FOV. The best-fit Galactic absorption hydrogen column densities derived for
cach spectrum are shown in Fig. [3.5] Ring F, which contains the X-ray radiation
scattered by dust at ~700 pc (rings 5 and 6 in|Tiengo et al.[2023), displays significant
azimuthal variability, with a prominent absorption excess in sectors F3 and F4, which
range from 94° to 180°. The level of X-ray absorption in the other sectors of this
ring, Ng=0.726 + 0.018, is compatible with the constant values derived for the other
rings with radii larger than ~3'. For Ring A, containing rings 17-19, instead, we
found a lower column density, but, at such small angles, both the subtraction of the
X-ray afterglow and the calculation of the scattering cross-section are affected by
larger systematic uncertainties.

3.3.2 Background subtraction

In Sectors 1 and 2, we analyzed the expanding dust-scattering rings using the pseudo-
distance distribution (Tiengo and Mereghetti, 2006), discussed in [2.1.4] The sub-
traction of the contribution of events not produced by X-ray dust scattering to the
pseudo-distance distribution is crucial to avoid overestimating the quantity of dust
in our Galaxy. To analyze the Swift/XRT observations, we implemented a double
background-subtraction technique to isolate the emission from the rings by remov-
ing contributions from both the sky and instrumental background and the GRB
afterglow. First, we constructed a pseudo-distance distribution for each sector from
late-time observations (Obs IDs from 01126853076 to 01126853084). These back-
ground distributions were generated by randomizing the time within the range of
the Swift /XRT observations of the GRB during which the rings were visible and by
measuring the angular distance from the GRB in sky coordinates.

To further remove the afterglow, we used a second set of observations taken
about 15 days after the burst (Obs IDs from 01126853023 to 01126853027). By this
time, the afterglow was still bright, but the flux of the X-ray rings was below the de-
tection threshold. The pseudo-distance distribution for the afterglow in each sector
was produced as for the late time observations, which, in turn, were used to obtain
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Figure 3.4: Annular sectors in which we performed the spectral analysis to evaluate
the variation of X-ray absorption. The inner and outer radii for each ring are: Ring
A (2-3.37"), Ring B (3.37-4.88'), Ring C (4.88-5.62), Ring D (5.62'-7.27’), Ring E
(7.27-10.85%'), Ring F (10.85-12.1"), and Ring G (12.1’-14.2'). Each ring is divided

into 8 sectors containing the same number of counts.
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Figure 3.5: X-ray absorption for the seven rings derived from the spectral analysis
using the model: CONSTANT x zZTBABS x TBABS X RINGSCAT X PEGPWRLW.
Each sector within the same region is fit with a constant, yielding acceptable fits
(p-value displayed in the upper left of each plot) for all rings except for ring F.
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a background-subtracted afterglow distribution. Such distributions were then en-
hanced by a factor corresponding to the ratio of the average afterglow flux in the 0.3
- 5 keV energy band measured during the observations from 10 to 13 October (when
the rings were detected) and from 25 to 29 October (from which we extracted the
pseudo-distance distribution of the afterglow). To obtain the net contribution from
the X-ray dust scattering halo, we therefore subtracted from the original pseudo-
distance distributions of the two sectors both these afterglow distributions and those
obtained for the background at late times.

In the two XMM-Newton observations, we did not utilize late-time observations
as background, due to the residual contamination by X-ray dust scattering. Instead,
we subtracted both the sky background and the afterglow contribution using a single
observation of a different target (RBS 315; see Section for details).

For the first XMM-Newton observation (Obsl), the subtraction was straightfor-
ward, involving a direct subtraction between the two pseudo-distance distributions,
where angular distances were calculated in detector coordinates and the arrival times
of the events in the background observation were randomly attributed in the time
interval covered by Obsl. In contrast, the subtraction in the second XMM-Newton
observation (Obs2) was complicated by the presence of an anomalous electronic
noise in some MOS2 CCDs. Specifically, the ratio between the counts in individual
CCDs and the total counts in the 5-10 keV band (where the X-ray rings are not de-
tectable) showed an excess with respect to Filter Wheel Closed (FWC) exposuresﬂ.
For Obsl and the background observation, instead, the count ratios of every CCD
were consistent with those observed in the FWC exposures.

To account for this anomalous background in Obs2, we rescaled the background
pseudo-distance distribution of each CCD before performing the subtraction. The
scaling factor was the ratio between the 5-10 keV counts in Obs2 and those in the
background observation for each CCD.

3.3.3 Galactic Dust Distribution

After constructing the histogram of the pseudo-distances for each sector (already
presented in [Tiengo et al.[|2023 for the whole FoV) and subtracting the background,
we transformed this count distribution C'(D) into the equivalent hydrogen column
density of the dust ANy(D). This parameter can be obtained from our spectral
model because the dust model is normalized to the number of hydrogen atoms
(Zubko et al., 2004). For this transformation, we used a conversion factor f(6,t)
that must be computed separately for each angular distance from the GRB position
(0) and for each observation, accounting for the time elapsed since the GRB (), the
exposure duration, and the detector efficiency.

To compute the conversion factors f(6,t), which allow us to transform the
pseudo-distance distributions C'(D) into the equivalent hydrogen column density
of the dust ANy(D), we divided the two sectors into annular regions, with a width

2The EPIC CCD cameras on board XMM-Newton are equipped with a filter wheel system and
6 different filter setups, including a closed position, in which the sky is blocked by a ~ 1 mm thick
layer of Aluminum. The FWC exposures, which are dominated by the instrumental background,
are typically used to model and subtract the internal instrumental background of the XMM-Newton
EPIC CCD cameras.
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of 30", ranging from 2’ to 12" and extracted the corresponding spectra. For each
spectrum, a specific response matrix was generated. Using XSPEC (Arnaud, (1996)),
we calculated the expected number of detected counts in each spectrum C(D) for a
fixed amount of dust, calculating the distance D from Eq[2.2] where ¢ is the time
elapsed between the GRB and the middle of the observation and 6 is the average
radius of the spectral extraction region. For the scattered emission, we adopted
the model reported in Tiengo et al. (2023) and already described in this chapter:
CONSTANT X ZTBABS x TBABS X RINGSCAT X PEGPWRLW. In this case, the
CONSTANT is the inverse of the exposure time, adjusted by the ratio of the sector’s
angular dimension to the full circle (105°/360°) and the amount of dust in RINGSCAT
is fixed to ANy = 102'ecm™2. All the other spectral parameters, including the GRB
fluence of Fgrp = 2.6 x 10 3 ergecm ™2, are fixed to the best-fit values reported in
Tiengo et al| (2023). The conversion factor f(0,t) for each dataset, in units of
102'cm ™2, is therefore the inverse of the number of expected counts in the 0.7-4 keV
energy band, from which the pseudo-distance distributions were extracted.

Applying these conversion factors, we obtained the differential hydrogen column
density distribution shown in Fig. for the two sectors in the two MOS2 datasets
and only for Sector 1 in the combined XRT observations (see Table[3.2)), which allow
us to sample nearby dust. The Ny distributions obtained across the entire field of
view for both MOS and pn cameras were compared and found to be consistent.
However, in this work, we report the ANy maps only for the MOS2 camera, as it
provides better coverage of Sector 1. Fig. demonstrates that the various datasets
within the same sector are compatible with each other.

Due to the short duration of the GRB prompt emission, the brightness of the
X-ray rings in different observations does not depend on the time variability of the
source, but only on the spatial distribution of dust and on the angular dependence
of the scattering cross-section, according to the selected dust model. To evaluate
the azimuthal uniformity of the dust clouds at different angular distances (), we
generated the diagrams in Fig. [3.7 which display the integrated Ny for the four
main peaks in Fig. observed by both the Swift and XMM-Newton satellites. In
these charts, data for Sector 1 were represented as positive values of 6, while the
data for the other sector are shown as negative values. To reduce uncertainties, Swift
observations from multiple orbits were merged. From these figures, it is evident that
the clouds at 406 pc (ring 1), 550 pc (ring 4), and the cloud complex at 700 pc (ring
5 and 6) contain more dust in Sector 2 than in Sector 1. On the contrary, for the
cloud at 475 pc (ring 3), we do not detect any significant variability. The inset of
the last panel in Fig. illustrates the contributions of the two clouds within the
cloud complex at ~700 pc in Sector 1: ring 6 dominates up to 10’, but at larger
angular distances, covered by the second XMM-Newton observation, it fades away
and the contribution from the cloud at 695 pc (ring 5) becomes predominant.

3.3.4 Absorption in the host galaxy

In addition to the variation in ring intensity across the two different sectors (dis-
cussed in Sect. , we also detect spectral differences, which, as already shown in
Sect. [3.3.1] can be explained by a different amount of Galactic absorption. The com-
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Figure 3.6: Left panel: Differential Hydrogen column density in Sector 1; in green
Swift-XRT data, in black the data obtained from the first XMM-Newton observation
and in red the data obtained from the second XMM-Newton observation. Right
panel: Differential Hydrogen column density in Sector 2; in black the data obtained
from the first XMM-Newton observation and in red the data obtained from the
second XMM-Newton observation. The blue arrows highlight the four main peaks
observed by both XMM-Newton and Swift satellites.
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Figure 3.7: Hydrogen column density obtained by integrating the pseudo-distance
distribution at the four main peaks in Fig. [3.6] (highlighted with blue arrows),
centered at 406.3 pc (ring 1; upper left panel), 475.2 pc (ring 3; upper right panel),
553.6 pc (ring 4; bottom left panel) and ~700 pc (rings 5 and 6; bottom right panel).
The inset of the last panel shows the two clouds around 700 pc as separate values:
the circles refer to the peak at 695.4 pc (ring 5; Swift-XRT in blue, XMM-Newton
in brown for Obsl, and pink for Obs2) and the squares to the peak centered at 728.6
pc (ring 6; Swift-XRT in green, XMM-Newton in black for Obsl, and red for Obs2).
In all the other panels the values from Swift-XRT observations are shown in green,
and from XMM-Newton observations in black (Obsl) and red (Obs2).
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bined analysis of the spatially-resolved intensity and absorption of the dust-scattered
X-ray emission of GRB 221009A enables us to distinguish between Galactic absorp-
tion and the contribution from the host galaxy. Specifically, the intensity of the
X-ray rings allows for the quantification of dust along the line of sight within our
Galaxy, while the X-ray absorption in the ring spectra is produced by the combined
effect of the ISM both in our Galaxy and in the host galaxy. By assuming a dust-to-
gas ratio and subtracting these values, we can determine the amount of dust (and
gas) present in the host galaxy.

To calculate the total X-ray absorption for each sector, we selected the annular
regions with the largest signal-to-noise ratio. We extracted the ring spectra from
the first XMM-Newton observation within the angular ranges from 8 to 9’ (covering
rings 5 and 6) and from 9’ to 12’ (including rings 1-4). For the second XMM-Newton
observation, we extracted the spectra in the angular range from 11’ to 12" (containing
rings 5 and 6), utilizing data from both the MOS2 and the pn cameras. For each
spectrum, the background was extracted from the same detector region in the RBS
315 observation. We fit simultaneously the spectra of each ring with the XSPEC
model: CONSTANT x TBABS X RINGSCAT X PEGPWRIW, where, at odds with the
model described in Sect. [3.3.1, TBABS includes the cumulative absorption from the
ISM in our Galaxy and in the host galaxy. The angles in the RINGSCAT spectral
component were fixed to the limits of each ring and all the other spectral parameters,
except for Ny in TBABS and the value of the CONSTANT JJ| were linked to the same
values for the spectra of the two sectors. With this model, we obtained a good fit:
x?%/dof = 140.4/150, corresponding to a null-hypothesis probability (nhp) of 96.5%.
The best-fit photon index of the power-law component (I' = 1.38 +-0.05) is perfectly
consistent with the one derived, making similar assumptions, in (Tiengo et al.| (2023)
for the full rings (see Tab. and, as anticipated by Section [3.3.1] the absorption
in the two sectors is significantly different: Ny a1 = (9.6 £0.2) x 10*! em™2 and
Nuabs2 = (12.04+0.2) x 10?" em™2 for sector 1 and 2, respectively. This confirms
that the spectral differences between the two sectors can be fully attributed to
Galactic X-ray absorption and we do not find any evidence for a different scattering
cross-section in the two sectors. Significant spectral differences would be expected
in case of strong spatial variability of the dust population (see, e.g., the spectral
parameters obtained in [Tiengo et al. 2023 for different dust models in Tab. or
for non-spherical grains (Draine and Allaf-Akbari, [2006)).

For both sectors, we produced the cumulative Ny in our Galaxy from ring emis-
sion (left panel of Fig. by integrating the corresponding pseudo-distance dis-
tributions, starting from the largest distances. To complete the cumulative distri-
bution for Sector 2, we assumed the same dust concentration as in Sector 1 for
distances smaller than 300 pc. We utilized Swift data up to 300 pc, Obsl data
up to 900 pc, and, beyond 900 pc, we used data derived from Obs2. The total
integrated values for sector 1 and 2 are Nygea1 = (4.34 £0.04) x 102! cm~2 and
Nigsea2 = (5.54 +0.04) x 10*! em™2; respectively.

Although the difference between the final value of the cumulative dust distri-
bution (ANgsca = Nisca2 — Nusca1) and the total X-ray absorption (ANyaps =

3Since we are interested only in the spectral shape to constrain the absorption, we can ignore
the brightness of the X-ray rings.

41



CHAPTER 3. THE X-RAY DUST SCATTERING RINGS AROUND GRB
221009A

NHabs2 — Nuabs1) in the two sectors should be consistent, since it does not de-
pend on the absorption in the host galaxy, we found significantly different values:
ANggea = (1.20 £0.06) x 102! em™2 and ANpaps = (2.4 +0.3) x 10* em ™2

This discrepancy is likely due to some of the assumptions made during the
computation of the cumulative dust map (Npsea). For instance, as described in
Sect. 3.3.3] we adopted a GRB fluence based on the values reported in [Tiengo
et al| (2023). However, this measurement is affected by the systematic uncer-
tainties discussed in Section [3.4.4] Since Ny, is inversely proportional to the
GRB fluence (see Eq. , to reconcile the observed values, we could assume a
1.9 times lower GRB fluence. This adjustment results in the cumulative distribu-
tions shown in the central panel of Fig. 3.8 and an absorption in the host galaxy of
Niz—0151(1.84£0.3) x 10*' cm™2. The second assumption involves the extrapolation
to small distances for the cumulative distribution of Sector 2, which is assumed to
be the same as that of Sector 1. By instead assuming an excess of dust by a factor
of 2.6 in the dust clouds at distances smaller than 300 pc in Sector 2, we obtain the
cumulative dust distributions shown in the right panel of Fig. [3.8| and the resulting
absorption in the host galaxy is Ny ,—015 = (7.0 £0.3) x 10* ¢cm™2. A more ro-
bust estimate of Ny ,—0151 can be derived from the detailed comparison of our dust
distance distributions with 3D optical extinction maps, which will be discussed in
the next section.

Nitabs2 = (120 £0.2) x 10’ em 2

Nitabs1 = (9.6 £0.2) x 10*em ™2

Ny (102) [em 2]
Ny (107) [em 2]
Ny (1021 [cm™~?]

Figure 3.8: Cumulative hydrogen column density in our Galaxy for Sector 1 (black
solid lines) and Sector 2 (blue solid lines) derived from ring emission under different
assumptions: GRB fluence from [Tiengo et al. (2023) (left panel); 1.9 times lower
fluence than in Tiengo et al|(2023) (middle panel); GRB fluence from Tiengo et al.
(2023) and 2.6 times more dust in Sector 2 than in Sector 1 within 300 pc (right
panel). In the first two panels, the same dust concentration is assumed for both
sectors at distances < 300 pc. The dashed lines (black for Sector 1, blue for Sector
2) indicate the total hydrogen column density, including contributions from both
our Galaxy and the host galaxy, measured from the absorption inferred from X-ray
spectral fitting.

42



3.4. DISCUSSION

3.4 Discussion

We can compare the dust map derived from X-ray scattering with other maps gen-
erated in the direction of GRB 221009A using data at various wavelengths. Here
we focus on the 3D extinction maps from Lallement et al.| (2022)), Edenhofer et al.
(2024), and |Green et al. (2019).

3.4.1 Comparison with the Lallement map

The extinction map constructed by |Lallement et al.| (2022) integrates Gaia Early
Data Release 3 (EDR3) and 2MASS photometric data with Gaia EDR3 parallaxes.
This map has a distance resolution of 25 pc and an angular resolution greater than
1° in the plane of the Skyﬂ

Such angular resolution is not sufficient to separately probe the directions of the
two sectors sampled by the X-ray data. However, most extinction increases in the
Lallement et al.| (2022) map extracted in the direction of GRB 221009A occur at the
same distances as the peaks of the pseudo-distance distributions of the two sectors
(left panel of Fig. . This confirms the results reported by Siljeg et al. (2023) for
the dust distribution averaged over the full FOV.

Thanks to the conversion factors described in Sect. and adopting the A, to
Ny relation derived in |Tiengo et al.| (2023) (Ng/A, = 1.9 x 10*!cm™2? mag™!), we can
compare the peak heights as well. Taking into account the lower angular resolution
of the Lallement et al.| (2022) map, the peak values are in good agreement. In fact,
the extinction features that display the largest discrepancies correspond to peaks
in the pseudo-distance distributions with the most prominent differences in the two
sectors, which indicate a significant gradient in the dust spatial distribution of the
associated cloud. Moreover, features present in the [Lallement et al. (2022) map but
not detected through X-ray dust-scattering, such as the one at 650 pc, are likely
due to dust clouds located at angular distances from the GRB position exceeding
the radius of the largest X-ray ring (~12', corresponding to 2.3 pc at this distance)
or to spurious structures generated by the interpolation procedure required by the
scarcity of suitable stars in the sampled volume Lallement et al.| (2022).

3.4.2 Comparison with the Edenhofer map

The 3D dust differential extinction map presented by Edenhofer et al.| (2024) is
based on distance and extinction estimates for 54 million nearby stars, derived from
Gaia BP/RP spectra. This map offers improved angular resolution compared to the
Lallement et al.| (2022) map (up to 14’), with distance resolution varying from 0.4 pc
at 69 pc to 7 pc at 1.25 kpc. It is publicly accessible through the DUSTMAPS Python
package (Green, 2018). The map provides unitless extinction values as defined in
Zhang et al.| (2023)). To convert it to Johnson’s V-band, we apply a factor of 2.8
(Zhang et al., [2023)), and then convert it to Ny using the A, /Ny conversion factor
from [Tiengo et al.| (2023).

4The map is publicly available on the EXPLORE website: https://explore-platform.eu.
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Figure 3.9: Differential hydrogen column density derived from X-ray dust scattering
for Sector 1 (black) and Sector 2 (blue), compared to 3D optical extinction maps.
In the left panel, the values derived by Lallement et al. (2022) are displayed in pink,
while in the right panel the differential hydrogen column density from [Edenhofer
et al.| (2024)) is presented in orange for Sector 1 and in red for Sector 2. A conversion
factor of 1.9 x 10*'cm ™2 mag~! between Ny and A, was used.

Thanks to the better resolution of the Edenhofer et al.| (2024)) map, in this case we
can extract the differential extinction map for Sector 1 (RA = 288.10°, Dec = 19.71°)
and Sector 2 (RA = 288.38°, Dec = 19.90°) and compare them with the correspond-
ing pseudo-distance distributions (right panel of Fig. [3.9). The three main peaks
emerging in the |[Edenhofer et al.| (2024) map are not only at compatible distances,
but they also have similar relative heights, with systematically higher values in sec-
tor 2. The corresponding peak values, instead, are always larger in the |[Edenhofer
et al. (2024) map, which suggests a lower fluence for the GRB prompt emission. The
pseudo-distance distribution peaks at ~440 pc (ring 2) and ~480 pc (ring 3) are
not resolved in the Edenhofer et al.| (2024)) map, which however confirms the spatial
uniformity of dust at these distances. Moreover, the Edenhofer et al. (2024) map
does not detect the features around ~600 pc and ~800 pc, which are present in the
Lallement et al. (2022) map but not in our pseudo-distance distributions. The im-
ages shown in Fig. 3.10] allow us to confirm one of the hypothesis formulated above
to interpret this discrepancy: the broad bump above 600 pc is very likely caused by
the dust cloud visible in the North-East direction in the 567-639 pc distance bin
(central right panel of Fig. |3.10), which vanishes at ~1° from the GRB, well beyond
the region explored by X-ray observations (highlighted in white). Similarly, in the
740-812 pc bin (bottom right panel of Fig. , another dust cloud outside the
FOV of the X-ray instruments is probably responsible for the small bump detected
by [Lallement et al.| (2022) above 800 pc (left panel of Fig. [3.9). Fig. also
presents the extinction maps in the distance bins where dust clouds are observed
though X-ray scattering. These figures clearly show the morphology of such clouds
in the sky plane and confirm that for most clouds Sector 2 contains more dust
compared to Sector 1.
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Figure 3.10: Extinction maps at A = 541.7 nm from Edenhofer et al.| (2024) in the
direction of GRB 2210094, integrated in the following distance intervals: 157-225
pc (top left panel), 243-311 pc (top central panel), 357-425 pc (top right panel),
421-493 pc (central left panel), 503-574 pc (central panel), 567-639 pc (central right
panel), 652-717 pc (bottom left panel), 683-754 pc (bottom central panel), and 740—
812 pc (bottom right panel). The regions covered by the two sectors studied in this
work are highlighted in white in each panel. The green grid indicates the Galactic
coordinates in degrees.
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3.4.3 Comparison with the Green map

The |Green et al. (2019) map combines stellar photometry from Gaia Data Release
2 (DR2), Pan-STARRS 1, and 2MASS to provide extinction estimates with Gaia
DR2 parallaxes. The map provides cumulative extinction across sight lines in 120
logarithmically spaced distance bins ranging from 63 pc to 63 kpc. In the direction
of GRB 221009A, extinction can be measured for stars at distances from ~0.3 to
~b5 kpc, extending well beyond the volume covered by the [Lallement et al.| (2022)
and [Edenhofer et al. (2024) maps. The angular resolution varies between 3.4’ and
13.7", depending on the region of the sky. This map is also publicly available via the
Python package DUSTMAPS. It provides extinction values in arbitrary units, which
we converted to A, using the conversion formula outlined in |Green et al.|(2019) (see
Table 1 and Eq. 30).

We compared our pseudo-distance distributions in the two sectors with those
from |Green et al. (2019), using the A, — Ny conversion factor from Tiengo et al.
(2023). The comparison was carried out by extracting the |Green et al. (2019)
maps of Sector 1 (brown in Fig. and Sector 2 (green in Fig. from the
same directions chosen for the Edenhofer et al| (2024) maps in section [3.4.2] As
shown in the left panel of Fig. the pseudo-distance distributions (Sector 1
in black and Sector 2 in blue) yield a total Ny along the line of sight within our
Galaxy that is lower than the values found by |Green et al| (2019)) in the same
sector. As already discussed in Sect. [3.4.2] this discrepancy could result from our
choice of the GRB fluence which, as explained in [Tiengo et al. (2023)), is affected
by large systematic uncertainties. For example, by decreasing the GRB fluence by
a factor of 1.35, the cumulative Ny obtained from X-ray dust scattering in Sector
1 matches that of the Green map in the same sector at ~ 700 pc and at 5 kpc and
the one of [Edenhofer et al.| (2024) (reported in orange in Fig. from 700 pc to
1 kpc. The total value of Ny gea1 = (6.0740.05) x 10*' em™2 is consistent with the
average value provided by the |[Planck Collaboration et al.| (2014)) 2D map in Sector
1: Ng = (6.3+0.4) x 10*’ cm™2. The absorption value in the host galaxy found
with this revised fluence is Ny ,—0151 = (3.7 £ 0.3) x 10’ cm™2. The difference
ANy = 2.48 x 10*' cm™2 between the values derived by |Green et al| (2019) for
the two sectors at 5 kpc (the farthest distance at which |Green et al. 2019 can
estimate stellar extinction) is consistent with the difference in X-ray absorption in
the two sectors derived from the spectral analysis described in Sect. (ANgabs =
2.4+ 0.3 x 102 cm™2). On the contrary, even assuming the reduced fluence, the
excess of dust in Sector 2 derived from X-ray scattering is significantly smaller:
ANggea = (1.63 £ 0.07) x 10 em™2. To achieve a compatible value, the dust
content within 300 pc in Sector 2 should be ~1.6 times greater than that in Sector
1 at the same distance. Finally, we note that, as the X-ray absorption is primarily
due to gas along the line of sight, these values could also be reconciled by assuming
a different dust-to-gas ratio (see, e.g., Zhu et al[2017).

3.4.4 Impact on GRB 221009A properties

Our last estimate of the X-ray absorption in the host galaxy, Ny,—0151 = (3.7 £
0.3) x 10*' em™2, is significantly smaller than the value obtained by [Williams et al.
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Figure 3.11: Cumulative hydrogen column densities obtained from X-ray dust scat-
tering for Sector 1 (black) and for Sector 2 (blue), calculated using either the best-fit
fluence from Tiengo et al. (2023)) (left panel) or a factor 1.35 smaller fluence (right
panel). In both cases the same dust distribution for distances <300 pc were as-
sumed for the two sectors. Both panels also show a comparison with the cumulative
hydrogen column density derived from |Green et al. (2019) (brown for Sector 1 and
green for Sector 2) and from Edenhofer et al. (2024) (orange for Sector 1 and red for
Sector 2). A conversion factor between Ny and A, equal to 1.9 x 10*'cm ™ mag ™!
was used.

(2023) from the analysis of the afterglow X-ray spectrum, Ny,—0151 = (1.4 £
0.4) x 10*2cm~2. This difference can be explained by the smaller value assumed
by Williams et al.| (2023) for the Galactic absorption (Nygga = 5.38 x 10?! cm™?),
derived from a Ny map with poor angular resolution (Willingale et al., 2013)). As
already noted in [Tiengo et al,| (2023)), the Ny inferred from Planck data (Ny ga ~
9 x 10*! em~?; Planck Collaboration et al.|2014) indicates a significantly greater
absorption in our Galaxy at the afterglow position.

In the analysis of the multi-wavelength afterglow reported by |[Kann et al.| (2023)),
the impact of multiple values for the Galactic extinction, ranging from 0 to A, =
5.2 mag (corresponding to no additional extinction in the host galaxy), was ex-
plored. [Fulton et al. (2023) determined that in order to align the optical and X-ray
fluxes observed 1-2 days after the burst, an additional extinction of A, = 1.5 mag
(Ng = 2.85 x 10*'cm™2 using a conversion factor Ng/A, = 1.9 x 10?’cm ™ mag™;
Tiengo et al[2023) is required. This excess is likely due to the contribution of the
ISM in the host galaxy and it is only slightly smaller than our estimate, which cor-
responds to Ng = (3.5 4 0.3) x 10?*em ™2, if the correction due to the host galaxy
redshift is not applied. Actually, Fulton et al.| (2023) observed that this additional
extinction decreased to 1.0 mag and 0.8 mag 2-3 days and 4-5 days after the GRB,
respectively. The slightly larger X-ray absorption that we derive from the spectral
analysis of the dust-scattered prompt GRB emission might therefore be part of this
decreasing trend. A similar variability with time has been observed in other GRBs,
such as GRB 190114C, and attributed to the photo-ionization of the surrounding
ISM (Campana et al., [2021]).

The best estimate of the X-ray fluence of GRB 221009A in the soft X-ray range
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given in Tiengo et al| (2023) (2.6 x 1073 ergcm™2) is approximately an order of
magnitude larger than the value obtained by extrapolating to the same energy range
the GRB spectrum observed at higher energies (Frederiks et al., 2023; An et al., 2023}
Burns et al., 2023). This estimate was derived by assuming in the spectral model
of ring 6 the amount of dust in the cloud at 0.73 kpc as determined by Lallement
et al| (2022), which, as discussed in Sect. [3.9) lacks adequate angular resolution.
Decreasing the fluence by a factor 1.9 or 1.35, as suggested by the spatially-resolved
analysis reported in Sect. [3.3.4] and [3.4.3] respectively, would only partially reduce
the magnitude of the soft excess found in Tiengo et al. (2023), which would still be
a few times brighter than the extrapolation of the prompt GRB emission estimated
from hard X-ray data.

The sector analysis reported here and the adoption of different extinction maps
allow us to better control systematic effects, but our results are still based on a single
dust model (BARE-GR-B) and a specific relation between hydrogen column density
and optical extinction (Ng = 1.9 x 102! A, cm~2?mag™!; Tiengo et al.2023)). Even if
the BARE-GR-B model is the best one describing the dust responsible for the X-ray
rings observed around GRB 221009A, Tiengo et al. (2023) have shown that other
dust models provide similarly good fits to the ring spectra (e.g., COMP-GR-B from
Zubko et al.|2004 or the|Draine[2003|model). In these cases, we obtain a GRB fluence
that can be different by up to a factor 1.5. Additionally, the Ny /A, relationship is
also subject to systematic uncertainties, as demonstrated by the scatter in previous
measurements across various sky regions and astrophysical objects, which range
from 1.0 x 10?! to 2.8 x 10! cm?mag~! (Zhu et al., 2017). Finally, although the
spatially-resolved spectral analysis of the X-ray rings reported in Sect. suggests
that all the dust clouds are formed by dust grains with the same properties, we
cannot exclude the existence of different dust populations depending on the local
environment.

3.5 Conclusion

We presented a detailed analysis of the dust-scattered X-ray emission from GRB
221009A observed by XMM-Newton and Swift/XRT. The main aim of this analysis,
supported by the comparison with recently published 3D extinction maps, was to
constrain the properties of the ISM in the GRB direction both in our Galaxy and
in the host galaxy. In particular, we generated a 3D map of the Galactic dust
distribution in a ~0.5° wide region centered at the position of the GRB with a better
resolution than previous studies, both in the plane of the sky (few arcminutes) and
along the radial direction (approximately 1 pc for distances D < 1 kpc and 100 pe
for D > 10 kpc). Although this map covers a very small sky region, the dust cloud
distances are directly measured throughout the whole Galaxy using a geometrical
method, in analogy with parallaxes for stars, and can therefore be used to calibrate
other maps based on indirect or model-dependent distance measurements.

In addition, the spectral analysis of the brightest X-ray rings revealed consid-
erable variability in the hydrogen column density of the total absorbing matter
across the FOV, which, coupled to the correlated intensity variability of the dust-
scattered radiation, allowed us to separate Galactic absorption from the host galaxy
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contribution. Such measurement is crucial not only to characterize the GRB local
environment and its time evolution induced by the burst radiation, but also to con-
strain the intrinsic luminosity of a possibly associated supernova (see, e.g., |Shrestha
et al.[2023).

Finally, this work refined the soft X-ray fluence estimate from Tiengo et al.| (2023))
(2.6 x 1073 ergcm—?), reducing it by a factor of at least 1.35. However, the revised
values, based on the comparison of our modeling of the dust-scattering rings with
three different 3D extinction maps, are not small enough to eliminate the soft excess
in the prompt X-ray emission found in the previous work.
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Chapter 4

Accurate distances of the Galactic
spiral arms from dust-scattered
X-ray emission of gamma-ray bursts

4.1 Introduction

Despite extensive studies throughout the last century, the exact spiral structure of
the Milky Way is not yet well defined (see . The Galactic structure is recon-
structed on the basis of different tracers, whose distance is often affected by large
uncertainties arising from kinematic distance ambiguities and the dependence on a
Galactic rotation curve model. A promising complementary approach is provided by
studies of X-ray dust scattering rings (see Sect. , which allow a purely geometric
determination of the distances to interstellar clouds along the line of sight.

To constrain the structure of our Galaxy, particularly focusing on the most dis-
tant arms, we identified three low-latitude (|b| < 5°) GRBs around which X-ray scat-
tering rings were detected by XMM-Newton or Chandra: GRB 221009A (I ~ 53°,
b ~ 4°; [Tiengo et al.|2023; Williams et al.2023), GRB 160623A (I ~ 84°, b ~ —3°;
Pintore et al. 2017), and GRB 031203 (I ~ 255°, b ~ —5° |Vaughan et al. 2004}
Tiengo and Mereghetti [2006; Feng and Fox 2010). These measurements can be
used to constrain the structure of the Perseus, Outer, and Outer Scutum-Centaurus
(OSC) arms.

This Chapter is structured as follows: Section describes the data reduction
process, Section [4.3]explains the analysis methodology and reports the results, which
are discussed in Section [4.4] and Section presents the conclusions.

4.2 Observations and data reduction

In this work, we report the analysis of X-ray data collected by the XMM-Newton
(Jansen et al., [2001) and Chandra (Weisskopf et al., |2000)) missions (Obs IDs in
Table . The study of X-ray expanding rings requires a detailed characterization
of the spatial distribution of the background signal (i.e. the instrumental and diffuse
X-ray contribution unrelated to the source), which was obtained either through the
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Table 4.1: Log of the Chandra and XMM-Newton observations of the GRBs.

Satellite/instrument Observation 1D Start time (UTC) Stop time (UTC) Exp. time
GRB 221009A:

XMM-Newton/pn 0913991601 (Obs2) 2022-10-14T05:41:21  2022-10-14T22:52:21 34.0 ks
Chandra/ACIS 27517 2022-10-17T16:53:32  2022-10-17T23:36:58 21.7 ks
XMM-Newton /pn 0913991701 (Obs3)  2022-10-30T04:56:37 2022-10-30T21:48:17 34.0 ks
XMM-Newton /pn 0913991801 (Obs4) 2022-11-01T07:21:37  2022-11-01T21:39:57 35.0 ks
XMM-Newton /pn 0913991901 (Obsb) 2022-11-10T16:09:14  2022-11-11T21:00:54 87.8 ks
GRB 160623A:

XMM-Newton /pn 0781100201 2016-06-24T20:23:46  2016-06-25T12:53:46 50.0 ks
XMM-Newton/MOS ” K K 55.0 ks
GRB 031203:

XMM-Newton /pn 0158160201 2003-12-04T04:09:29  2003-12-04T20:19:40 56.0 ks
XMM-Newton/MOS " K K 56.0 ks
XMM-Newton/pn 0163360201 2003-12-06T18:11:07  2003-12-07T09:21:17  37.0 ks
XMM-Newton/MOS ” K K 35.0 ks
Chandra/ACIS 05298 2004-01-22T21:17:36  2004-01-23T03:44:30 21.5 ks

use of archival observations or counts from the same observation but in a different
energy band.

For the XMM-Newton observations, we analyzed data from the EPIC pn camera
(Striider et al., 2001) and the two EPIC Metal-Oxide Semiconductor (MOS; Turner
et al.|2001) cameras. These data were processed using the Science Analysis Soft-
ware (SAS) 20.0.0 (Gabriel et al., [2004) and the latest calibration files. The EPIC
events were cleaned with standard filtering expressiong'] Point-like sources, identi-
fied through the SAS source detection task emldetect, were excluded by masking
circular regions, each with a radius of 25” (except for particularly bright sources
where the radius was set to 40”). For most XMM-Newton observations, the pn
background was extracted over a broad energy range of 0.5-15 keV. We excluded
two intervals: the band containing significant ring emission (0.7-4 keV for GRB
221009A and GRB 160623A, and 0.8-2.2 keV for GRB 031203), and the 7.3-9.3 keV
region. The latter contains fluorescence features from the detectors and their sur-
rounding structure, whose intensity is not uniform across the pn cameraﬂ For the
MOS cameras, we adopted a similar strategy, extracting the background from the
4-12 keV range. Before subtraction, the background extracted from an energy range
where no dust-scattering emission is observed must be rescaled by the ratio of the
number of counts detected in the source and background energy ranges in a spatial
region where no dust-scattering signal is expected at any energy.

The Chandra data reduction was performed with the Chandra Interactive Analy-
sis of Observations (CIAO v4.15, |Fruscione et al.2006) software and the calibration
data files CALDB(v4.10.2). In order to reprocess the data, the chandra repro script
was used, while the blank-sky script automatically selected the appropriate blank-
sky background files in each observation. Point-like sources were identified using the
wavdetect tool and excluded from the analysis.

For pn data: #XMMEA_EP&& (FLAG==0) && (PATTERN<=4) and for MOS:
#XMMEA_EM& & (PATTERN<=12) .

2This band contains the emission lines corresponding to Cu — Ko, Ni — Ka, and Zn — Ka.
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4.2.1 GRB 221009A

GRB 221009A was initially reported by the Burst Alert Telescope (BAT) aboard the
Swift Neil Gehrels Observatory on October 9, 2022, at 14:10:17 UT (Dichiara et al.,
2022). However, the GRB started about an hour before as observed for example
by the Fermi Gamma-ray Burst Monitor (GBM; Lesage et al.|[2023) . This GRB is
the brightest ever recorded and occurred near the direction of the Galactic plane,
producing multiple X-ray dust scattering rings later observed by the X-ray Telescope
(XRT) on Swift (Williams et al., [2023; [Vasilopoulos et al., [2023; Vaia et al| 2025), as
well as by XMM-Newton (Tiengo et al., [2023} [Vaia et al, 2025), the Imaging X-ray
Polarimetry Explorer (IXPE) (Negro et al., [2023)), and Chandra. For this study, we
shall focus on data from XMM-Newton and Chandra, which are more sensitive to
the relatively small and faint rings produced by distant dust.

XMM-Newton observations

XMDM-Newton observed GRB 221009A on five occasions from October 11 to Novem-
ber 11 2022. To minimize pile-up during the first observation, the pn and the two
MOS cameras were operated in Timing mode, using the thick optical-blocking filter.
In Timing mode, only the peripheral CCDs of the MOS cameras provide full imaging
capabilities, covering a region from approximately 5 to 15" from the target position.
As a result, only the rings produced by clouds at distances smaller than 1.6 kpc (see
equation are visible in this observation (Tiengo et al., 2023} Vaia et al., 2025).
This data set is not used in this work, as we focus on clouds at distances greater
than 5 kpc. The log of all the observations analysed in this work is reported in Table
41l

As a background for Obs2, we selected, for both cameras, data from the ob-
servation of the bright high-redshift quasar RBS 315 conducted in January 2013
(Observation ID: 0690900201). As in Vaia et al.| (2025)), this observation was chosen
due to the similarities of the central source with the GRB 221009A X-ray afterglow
and because it occurred during a similar phase of the Solar Cycle, ensuring com-
parable contamination from the unfocused particle background (Gastaldello et al.,
2022). We adopted this strategy for the background to subtract the contribution
from the X-ray background, as well as from the GRB afterglow and its possible
dust-scattering halo. The approach outlined at the beginning of Section was in-
stead applied to the remaining three XMM-Newton observations. To maximize the
signal-to-noise ratio of the rings, the analysis was confined to the 0.7-4 keV energy
band, as in Tiengo et al. (2023)) and Vaia et al.| (2025).

Chandra observation

The Chandra telescope started observing GRB 221009A on October 17, 2022 at
16:53:32 UT with an exposure time of 21.7 ks (Table . The data were acquired
using the ACIS-I instrument in FAINT mode. As shown in Figll.I] the rings are
not fully covered and only a portion of them is visible since the observation was
performed off-axis. This strategy was chosen to exclude the afterglow emission and
allow the detection of the largest rings.
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No significant background flares were detected and so the full exposure could be
analysed. As an alternative to blank-sky background files, we also selected events
from the same observation, but in a hard energy band (4-10 keV), where no signal
from X-ray dust-scattering is expected. To maximize the signal-to-noise ratio of the
scattered X-ray rings, the analysis was restricted to the 0.7-4 keV energy band as
for the XMM-Newton data.

Declination

288.400 288.300 288.200 288.100 288.000 287.90

Right Ascension

Figure 4.1: 0.7-4 keV ACIS-I Chandra image of GRB 221009A. The image is
smoothed with a Gaussian kernel of o = 1” and the point sources are excluded.
The yellow cross marks the position of the GRB afterglow. The red labels indicate
the positions of the rings 16, 17, 18, and 19 produced by clouds at approximately 8,
10, 14 and 19 kpc, respectively.

4.2.2 GRB 160623A

GRB 160623A was detected by the Fermi/GBM instrument on June 23, 2016, at
05:00:34.23 UT. This burst was also observed above 1 GeV by Fermi/LAT (Vianello
and Longo, 2016) and detected by Konus-Wind (Frederiks et al., 2016). Approxi-
mately 40 ks after the burst, Swift/XRT performed its first observation of the GRB
afterglow, revealing a dust-scattering ring with a radius of about 3.5" (Tiengo et al.,
2016), attributed to a dust cloud located at approximately 800 pc (see Eq. . Ina
subsequent XMM-Newton observation six X-ray dust-scattering rings were identified
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(Pintore et al., 2017).

XMM-Newton observation

The XMM-Newton satellite started observing GRB 160623A approximately two days
later on June 24, 2016 at 20:23:46 UT, employing all EPIC cameras in full-frame
mode for a duration of 16 hours (Table 4.1). No more XMM-Newton or Chandra,
observations of this field are available.

4.2.3 GRB 031203

On December 3, 2003, at 22:01:28 UT, GRB 031203 was identified by the Imager
aboard the INTEGRAL satellite (IBIS; (Gotz et al. 2003). This GRB had a single
peak with a duration of 30 s and a peak flux of 1.3 x 10 7ergs !cm™2 in the
20 — 200 keV energy range. At the time of the burst, the Swift satellite was not yet
operational. The XMM-Newton observatory responded immediately, while Chandra
performed its first observations more than a month after the burst.

XMM-Newton observations

A 58 ks observation of the GRB 031203 field with XMM-Newton started about six
hours after the burst, on December 4, 2003, at 04:09:29 UT (Table . The XMM-
Newton satellite captured the GRB on-axis, utilizing all EPIC cameras in full-frame
mode.

On December 6, 2003, GRB 031203 was serendipitously observed at an off-axis
angle of ~ 10" during a Zeta Puppis pointing (Table [.1). Following Eq. [2.2] the
radius of the ring detected by |Feng and Fox| (2010), which was generated by a cloud
at a distance of 9.9 kpc, is expected to be ~ 2.4" after three days, remaining fully
within the Field of View of all three instruments. To maximize the signal-to-noise
ratio of the rings, the analysis was confined to the 0.8-2.2 keV energy band, as in
Tiengo and Mereghetti (2006).

Chandra observation

The Chandra telescope started observing GRB 031203 on January 22, 2004 at
21:17:36 UT with an exposure time of 21.5 ks (Table [£.1)). A 30 ks Chandra ob-
servation taken on April 18, 2004 was not considered because no detectable X-ray
rings were expected more than 100 days after the GRB.

The data were acquired using both ACIS-I and ACIS-S chips in VFAINT mode.
No significant background flares were detected during the observation. As in the
XMM-Newton analysis, we focused on the 0.8-2.2 keV energy. The background
blank-sky subtraction was performed separately for CCD S4 and for CCDs 12, 13,
S2 and S3, due to the different exposure time of CCD S4 blank-sky data. To provide
additional background estimates, the original event file was filtered both in the 2.2-5
keV and 4-10 keV high energy bands, where negligible dust-scattered X-ray emission
is expected.
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4.3 Data analysis and results

In this study, we analyze the X-ray dust-scattering rings of GRB 221009A, GRB
160623A, and GRB 031203, with a particular focus on determining the distances to
dust clouds located beyond 5 kpc. For these GRBs, we applied the pseudo-distance
distribution method (see Sect. and Tiengo and Mereghetti [20006)).

The data analysis for GRB 221009A, GRB 160623A, and GRB 031203 is detailed
in the following subsections.

4.3.1 GRB 221009A

For GRB 221009A, we created histograms of the pseudo-distances for all the ob-
servations and their respective backgrounds, but we limited our analysis only to
pseudo-distances larger than 6 kpc. To indicate the peaks and the corresponding
rings in the X-ray images, we adopted the nomenclature introduced in [Tiengo et al.
(2023), where Ring 16, 17, 18, and 19 were identified in this distance range.

For XMM-Newton observations, we conducted separate analyses of the data col-
lected by the MOS and pn cameras. After verifying that the results were consistent
and that the pn camera provided smaller uncertainties, we chose to present only the
pn data. For Obs2, the background-subtracted pseudo-distance was fit in the range
from 6 to 30 kpc using a model comprising the sum of four Lorentzian functions,
resulting in a good fit (p-value = 0.28, see the top-left panel of Fig. [1.2). Each
Lorentzian component corresponds to a distinct dust cloud, identified in Tiengo
et al.| (2023)) for this GRB within the distance range fitted. The distances of these
peaks correspond to those of the rings from 16 to 19 reported in Tiengo et al.| (2023).
Similarly, for Obs3 and Obs4, the pn background-subtracted pseudo-distances were
adequately fit (p-value = 0.20 for Obs3 and p-value = 0.31 for Obs4) by the sum
of three Lorentzian functions, corresponding to Ring 17, 18, and 19 (see Fig. .
To check if Ring 16 could be detected in these observations as well, we attempted
a fit over the same distance range using the sum of four Lorentzian functions. Al-
though the model provided good fits in both cases (Fig. , adding an additional
Lorentzian did not improve the results, and the best-fit parameters of the three
peaks remained consistent with those obtained from the former.

For Obsb, the data were well fitted with three Lorentzians (Rings 17-19, p-
value = 0.22). A four-Lorentzian model was also tested to include Ring 16, but the
extra peak’s distance and width were unconstrained and thus fixed to Obs2 values.
This addition did not improve the fit (p-value = 0.26) and left the other parameters
unchanged (Fig. bottom-right).

For the Chandra observation, we derived the histogram of the pseudo-distances
and tested both methods for background subtraction. The blank-sky background
was simply rescaled by the ratio of the source and background exposure times, while
the background derived from the same observation at high energies was normalized
by the ratio of the counts extracted in the 0.7-4 keV and 4-10 keV energy bands
from a region free of scattering-ring contamination, corresponding to the 1.3-1.7 kpc
distance interval. The background-subtracted data were fit with a model consisting
of the sum of four Lorentzian functions over the 6.2-25 kpc distance range. The
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Figure 4.2: Pseudo-distance distributions in the 0.7—4 keV energy band for the GRB
221009A observations performed by XMM-Newton on October 14 (Obs2, top-left
panel), October 30 (Obs3, top-right panel), November 1 (Obs4, bottom-left panel),
and November 10 (Obsb, bottom-right panel). The red dashed and blue solid lines
indicate the best-fit models with 3 and 4 Lorentzian functions, respectively.

best-fit results are reported in Tab[4.2]

Since the fit obtained with the blank-sky background subtraction was only marginally
acceptable, we also added a fifth Lorentzian function to the model. As can be seen in
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Fig[d.3] and Tab[4.2] the additional Lorentzian accounts for a small excess between
the first two peaks, with no significant effects on the positions of the four main
peaks.

The distances and widths of the dust structures producing Ring 17, 18, and 19
derived from the XMM-Newton and Chandra observations are shown in Fig. 4.4 A
constant fit to the distances obtained from the different observations reproduces the
data well, indicating that all the measurements — despite being taken with different
instruments and at different epochs — are consistent. Similarly, the widths derived
from the three late-time XMM-Newton observations agree with each other and with
the value found by Chandra. The width measured in Obs2 is significantly larger,
but this can be explained by the fact that in this earlier observation the rings have
smaller radii and the peak width is strongly affected by the instrumental point-
spread function. The consistency among the other four observations demonstrates
that the measured width corresponds to the intrinsic size of the dust cloud and is
not dominated by the instrumental spatial resolution.

0.30 A —— 4 Lorentzians, p-value=0.03
— .= 5 Lorentzians, p-value=0.20
—}— Chandra (17-10-2022)

0.20 1
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Figure 4.3: Pseudo-distance distribution in the 0.7-4 keV energy band for the GRB
221009A Chandra observation. The background was subtracted from blank-sky ob-
servations. The red line indicates the best-fit model with four Lorentzian functions,
while the blue line represents the best-fit model with five Lorentzian functions.
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4.3. DATA ANALYSIS AND RESULTS

Table 4.2: Best-fit parameters of the pseudo-distance distribution in the 0.7-4
keV energy band for the GRB 221009A Chandra observation. Two background-
subtraction methods (blank-sky or 4-10 keV background) and two models (4 or 5
Lorentzians) were adopted.

Ring 16 Ring 17 Ring 18  Ring 19

Blank-Sky (4 Lorentzians)
D [kpc] 7.58 £0.07 9.76 £0.05 14.0+0.1 19.0+0.2

Width [kpe] 0.54+0.1 0.36+0.07 094+0.1 1.1+0.3

Counts 124 119 145 86
x%/d.o.f. 36.62/22
p-value 0.026

4-10 keV background (4 Lorentzians)
D [kp¢] 7.66 +0.08 9.75£0.05 13.9+0.1 19.0+£0.2

Width [kpe] 0.44+0.1 0.33+0.07 084+0.1 1.1+0.3

Counts 93 106 129 76
x%/d.o.f. 28.65/22
p-value 0.155

Blank-Sky (5 Lorentzians)
91+04

D [kpc] 7.53 £0.06 9.80 & 0.04 141+0.1 19.0£0.2
Width [kpe] 0.340.1 Ollgigé7 0.8+£0.1 1.1+£0.3
Counts 7 15269 139 85
x%/d.o.f 23.89/19

p-value 0.200
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Figure 4.4: Distances (left panels) and widths (right panels) of Ring 19 (upper
panels), Ring 18 (central panels), and Ring 17 (bottom panels) determined from the
XMM-Newton (circles) and Chandra (squares) observations of GRB 221009A. The
dashed line represents the best-fit with a constant.

4.3.2 GRB 160623A

The X-ray dust scattering rings around GRB 160623A were previously studied by
Pintore et al. (2017), who identified six dust scattering rings, including one at a
distance greater than 5 kpc, specifically at 5079 4+ 64 pc. In Pintore et al| (2017)),
the pseudo-distance method was also used to analyze the rings; however, in that
case, the background was phenomenologically fit with the sum of two power-law
functions, whereas in our analysis, we subtracted the background before fitting. For
this GRB, after having verified the consistency of data from all three camerag’] we
combined all data to minimize uncertainties. We then derived the pseudo-distance
distribution from all cameras for both the observation and the background (obtained
as described in Section . The two distributions were subtracted, with normaliza-
tion applied in a region free from X-ray dust scattering contamination, following the
same approach as for GRB 221009A (in this case, the distance interval was 2-3 kpc).
From the background-subtracted pseudo-distance distribution at distances greater
than 5 kpc, we confirm the peak previously identified by Pintore et al. (2017) at
D; = 5125+ 29 pc (07 = 410 £ 47 pc). Additionally, we detected two more peaks at
distances Dy = 6909 + 56 pc and D3 = 9908 4+ 624 pc, with widths of o9 = 299 + 91
pc and o3 = 1027 £ 190 pc, respectively.

3We also included data from the MOS1 camera despite the damage sustained by two of its
external CCDs early in the mission, as we are only interested in features at distances greater than
5 kpc, corresponding to angles smaller than ~ 3’, which are fully covered by the central chip.
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4.3. DATA ANALYSIS AND RESULTS

When modeling the data with the sum of only two Lorentzian functions, centered
at Dy and Ds, we obtain a p-value of 0.001, whereas a model incorporating three
Lorentzian functions yields a p-value of 0.19 (see Figure .
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Figure 4.5: Pseudo-distance distributions in the 0.7-4 keV energy band for the GRB
160623A XMDM-Newton observations of June 24 between 4 and 20 kpc. The blue
solid line indicates the best-fit model with 3 Lorentzian functions. The red dashed
line indicates the best-fit model with 2 Lorentzian functions.

4.3.3 GRB 031203

The X-ray dust scattering rings around GRB 031203 have been extensively studied
over the years. [Vaughan et al.| (2004) identified two dust scattering rings at distances
of less than 2 kpc, a finding later confirmed by Tiengo and Mereghetti (2006)) using
the pseudo-distance method. A subsequent analysis of the same data by
reported the discovery of a third ring at a distance 9.94 + 0.39 kpc.

In this work, we reanalyze the first XMM-Newton observation and, for the first
time, apply the pseudo-distance distribution method to both the Chandra data and
the second XMM-Newton observation of this GRB. For XMM-Newton, after confirm-
ing consistency across all three cameras — following a procedure similar to that used
for GRB 160623A — we combined the data of each observation to reduce statistical
uncertainties. We then derived the pseudo-distance distributions for both observa-
tions and subtracted their corresponding backgrounds (as described in Section .
The background distributions were normalized in a region free from X-ray dust
scattering contamination, specifically between 4 and 7 kpc, in line with the method
used for GRB 221009A and GRB 160623A. By fitting the background-subtracted
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pseudo-distance distribution of the first observation in the 4-25 kpc range, we con-
firmed the presence of the peak identified, with a different method, by
(2010). Our analysis yielded a dust cloud distance of 9.9 + 0.4kpc and a width
of o = 1.5 + 0.6kpc, with a fit p-value of 0.30 (see upper panel Figure . The
same peak is also visible in the second XMM-Newton observation, though with a
lower significance. Fitting its background-subtracted pseudo-distance distribution,
we found a peak at 8.7 £+ 0.8 kpc with a width of o = 1.2 + 0.7 kpc. This fit returned
a p-value of 0.05, while a fit using a constant model resulted in a much lower p-value
of 0.0005 (see the bottom panel of Figure . The weighted average of these two
measurements provides a distance of 9.7 = 0.4 kpc.
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Figure 4.6: Pseudo-distance distributions in the 0.8-2.2 keV band for the XMM-
Newton observations of GRB 031203 on December 4 (left panel) and December 6
(right panel). The blue solid line shows the best-fit with a Lorentzian function, and
the red dashed line the best-fit with a constant.

For the Chandra observation, we derived histograms of the pseudo-distances
both subtracting blank-sky and high-energy backgrounds, but no significant dust-
scattered emission was detected. In the latter case, the background pseudo-distance
values were normalized by the ratio of the total counts in the 0.8-2.2 keV band
to those in the 2.2-5 keV range, extracted from a region free of scattering ring
contamination (corresponding to distances in the 12-15 kpc interval). The fit of the
background-subtracted distribution with a constant was perfectly consistent with
no signal in the 3.5-20 kpc distance range (y = —0.007 £0.004, x?/dof = 27.43/35,
p-value = 0.82).

4.4 Discussion

By analyzing the expanding X-ray scattering rings of GRB 221009A, GRB 160623A,
and GRB 031203, we have been able to map the outer structure of the Milky Way
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with an unprecedented level of precision. Unlike the most commonly used methods
that rely on kinematic models, the dust scattering rings provide a direct geometric
measurement of the distance to dust clouds along the line of sight. Owing to the
good angular resolution of our X-ray data, we can measure not only the distance
but also the spatial thickness of the spiral arms, as the shape of the peaks in the
pseudo-distance distributions reflects the radial distribution of dust within each arm.
In Fig. 4.7, we overlaid the 3 directions sampled by the selected GRBs on the
Milky Way picture reported in Sun et al. (2024). As indicated by the red dots, our
analysis allows us to probe the structure of the Perseus, Outer, and OSC arms.

Perseus Arm

As shown in Fig. [4.7] the directions of the 3 GRBs cross the Perseus Arm. GRB
031203 is located very close to the end of this spiral arm, and no X-ray ring at the
corresponding distance has been detected. This result indicates that a negligible
amount of dust content is present in the Perseus Arm in the GRB direction (I = 256°,
b= —5°).

Dust scattering rings can instead be associated to the Perseus Arm in the X-ray
observations of GRB 221009A and GRB 160623A, allowing us to accurately measure
its distance towards their directions: 9.6+£0.1 and 5.124-0.03 kpc, respectively. Both
these independent measurements are fully consistent with a symmetric inner-Galaxy
spiral structure (Vallée, [2008)), as shown by the black dashed lines in Fig. 4.7, The
detection of significant amounts of dust at the Galactic longitudes of GRB 221009A
(I = 53°) and GRB 160623A (I = 84°) is particularly interesting because they are
close to the edges of the Perseus Arm Gap, which is a ~6 kpc section of the spiral

arm with a reduced massive star formation activity (Zhang et al.l [2013; [Sakai et al.|
2022).

Outer Arm

The Outer Arm is the only spiral arm that could be mapped in all three directions.
The detection of a significant excess in the pseudo-distance distributions derived
from two different XMM-Newton observations of GRB 031203 with distance and
width consistent with those expected for the Outer Arm in this direction, allows us
to confirm that this spiral arm extends up to [ = 256° and b = —5°.

The distances measured for Ring 18 in GRB 221009A (13.9 £ 0.1 kpc) and for
the smallest newly discovered ring in GRB 160623A (9.9 & 0.6 kpc) exceed those
predicted by the model in Fig. [4.7] This suggests that the rotation curve used by
Sun et al.| (2024)) to derive the Milky Way structure underestimates the distance of
the Outer Arm in this direction.

Outer Scutum-Centaurus Arm

The OSC arm was clearly detected only in the direction of GRB 221009A, positioning
the arm farther than both models shown in Fig. 4.7 the dashed white line is the
extrapolation of the symmetrical spiral structure by [Vallée (2008)) and the solid
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Figure 4.7: Spiral structure of the Milky Way, adapted from [Sun et al.| (2024). The
background map shows the distribution of molecular clouds (MCs) and high-mass
star-forming regions (HMSFRs). Cyan and red circles indicate 1306 MCs from Sun
et al. (2024)) and 10 MCs from |Dame and Thaddeus (2011)), respectively. The black
dashed lines represent the symmetrical Scutum - Centaurus and Perseus arms. The
cyan square with error bar marks the only directly measured trigonometric parallax
for the OSC arm (Sanna et al,2017), while the diamond represents the kinematically
derived location of the same HMSFR. Yellow pluses and crosses indicate distant H II
regions and star-forming masers, respectively. Our measured distances are overlaid
as red dots, showing the positions and the widths (surrounding red circles) of the
spiral arms as determined from X-ray scattering rings of GRB 221009A (Rings 17,
18, and 19), GRB 160623A, and GRB 031203. The directions of these three GRBs
are highlighted in green.

white line is derived from the analysis of a selection of molecular clouds (Sun et al.,
2024)).

The other distance measurements of individual objects reported in Fig. are
spread over a relatively wide distance range and are affected by large uncertainties.
The choice of a specific rotation curve (Reid et al. 2019 in this case) leads to an un-
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derestimation of all distances derived from kinematic methods. On the other hand,
the most robust distance measurement previously reported for this arm (20.475%
kpc; [Sanna et al.| 2017), based on the parallax of a water maser source at small
Galactic longitude (cyan square with error bar in Fig. , has an order of magni-
tude larger uncertainty than our measurement (19.0 £ 0.2 kpc from Chandra data).
Moreover, the peak width of ~2 kpc reflects the radial extent of dust along the line
of sight, supporting the interpretation that it traces the arm’s thickness rather than
a single localized cloud.

The detection of a peak at 19 kpc in the pseudo-distance distribution might be
surprising even for an exceptionally bright event such as GRB 221009A, since its
latitude of 4.3°implies the presence of a significant amount of dust 1.4 kpc above the
Galactic plane. However, this part of the OSC Arm is significantly inclined, with
an average latitude of ~ 3° and a width > 2° at the longitude of GRB 221009A
(Dame and Thaddeus, [2011). Therefore, the non-detection of a similar structure in
the direction of GRB 160623A is justified not only by the lower fluence of this GRB,
but also by its negative latitude (b = —2.7°).

Comparison with H I/CO Data and Kinematic Models

H I and CO emission can trace the large-scale structure of spiral arms across the
Galaxy, but their interpretation relies on Galactic kinematic models, introducing
systematic uncertainties at large distances. Figure presents a direct comparison
of our distance measurements (blue solid lines) for the directions of GRB 221009A
and GRB 160623A with H I data from the EBHIS survey (Winkel, B. et al., [2016)),
which covers the entire northern sky. For GRB 031203 direction, located in the
southern hemisphere, a similar comparison is made using H I data from the GASS
survey (HI4PI Collaboration: et al., 2016). The H I data are extracted from a 15’
circular region around the GRB directions for GRB 221009A and GRB 160623A,
and a 30’ region for GRB 031203.

The local standard of rest velocities of the H I clouds are deprojected into dis-
tances using two different Galactic rotation curve models: Reid et al.| (2019)) and
Clemens| (1985). These two rotation curves are among the most widely used in the
literature: (Clemens (1985) is based on CO observations and adopts Ry = 8.5 kpc
and ©p = 220 km s~!, while [Reid et al| (2019), derived from maser parallaxes of
high-mass star-forming regions, assumes Ry = 8.15 kpc and ©g = 236 km s~*. For
each velocity, the deprojection yields two possible distances that are displayed along
the two horizontal axes in Figure [4.8

In general, the Galactic rotation curve model of Reid et al. (2019) provides a
better match to the dust cloud locations derived in this work compared to the
Clemens (1985) model. However, at large distances, even the Reid et al. (2019)
model appears to diverge systematically from the distribution of the dust clouds,
suggesting possible deviations in the assumed Galactic dynamics. In particular, in
the directions of GRB 221009A and GRB 160623A, the peaks obtained from the
Reid et al. (2019) model are systematically at smaller distances than those derived
from X-ray data, whereas the (Clemens| (1985) rotation curve always provides larger
distances.
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Figure 4.8: Comparison of our dust distance measurements (blue solid lines) in the
directions of GRB 221009A (upper panel), GRB 160623A (central panel) and GRB
031203 (lower panel) with H I data from the EBHIS survey (Winkel, B. et al., 2016))
for GRB221009A and GRB100623A, and from the GASS survey (HI4PI Collabora-
tion: et al.,|2016) for GRB031203. The LSR velocities are deprojected into distances
using two different models for the Galactic rotation curve: Reid et al|(2019) (red
dot-dashed lines) and (Clemens| (1985) (black dotted lines).

We also examined the sightlines towards the three GRBs using the CO survey
by [Dame et al. (2001)), extracting data in the GRB directions and averaging over
a 1° region. However, no significant CO emission was detected at distances greater
than 5 kpc.

4.5 Conclusions

Combining XMM-Newton and Chandra observations of three low-latitude GRBs in
different directions, we could map multiple Galactic spiral arms, cross-check dis-
tances, and provide robust constraints on the large-scale geometry of the outer
Galaxy. In particular, our measurement of the OSC arm places it at 19.0 + 0.2
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kpc, achieving a precision far superior to the previous maser-parallax measurements
(20.4735 kpc; Sanna et al|2017).

Although low-latitude GRBs as bright as GRB 221009A are very unlikely to
repeat soon, future X-ray observatories such as AXIS (Reynolds et al.; 2023)) and
New Athena (Cruise et al) 2025)) will enable systematic campaigns of GRB follow-
ups, which, thanks to their higher sensitivity, will expand the sample of X-ray rings
generated by dust in the outskirts of the Milky Way. This will allow precise mapping
of interstellar clouds traced by dust along more sightlines, complementing the 3D
dust distributions derived from extinction studies in the optical and infrared band,
based, for example, on future Gaia Data Releases and the Galactic plane Survey
that will be performed by the Nancy Grace Roman Space Telescope (Akeson et al.,
2019).
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Chapter 5

Investigating interstellar dust along
the line of sight of GX 1341 using
different dust size distributions

5.1 Introduction

In the previous chapters, X-ray scattering by interstellar dust was employed as a tool
to probe both the spatial distribution of dust clouds and the overall properties of
the dust grains along the line of sight. In this final part of the thesis, the focus shifts
from scattering to absorption. As already described in Sect. [2.2] the presence of solid
particles modifies the X-ray absorption edges of abundant metals, producing oscil-
latory modulations known as X-ray Absorption Fine Structure (XAFS; |Costantini
and Corrales|[2022). These features are sensitive to the chemical composition, crys-
tallinity, and internal structure of the grains, and therefore modeling them provides
a unique diagnostic of the physical and chemical state of interstellar dust.

Current models of XAFS are based on dedicated laboratory measurements per-
formed at synchrotron facilities. In particular, the Si K edge has been extensively
studied by [Zeegers et al| (2017), while the Mg K edge has been investigated by
Rogantini et al. (2019). These laboratory data represent the fundamental basis for
accurate modeling of the X-ray absorption features observed in astronomical sources.

In this chapter, 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 Spectrom-
eter (HETG, Appendix [A)) toward the bright low-mass X-ray binary GX 13+1. For
the first time, we directly compare the traditional MRN]| grain size distribution with
more complex models, including the [Weingartner and Draine (2001) distribution for
three different values of Ry (3.1, 4.0, and 5.5), and the Hirashita and Murga (2020)
distribution for four different dense-gas fractions, ngense = 0.1, 0.3, 0.5, and 0.8.

The chapter is organized as follows: Section introduces the dust size distri-
bution models; Section describes the data reduction; Section presents the
analysis methodology and results; Section discusses the implications of our find-
ings; Section summarizes the conclusions.
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5.2 Dust size distributions models

This project includes several commonly used dust size distributions which are adapted
to the X-ray spectrum. In previous X-ray spectroscopy studies of interstellar dust,
the size distribution of the dust grains was calculated using a MRN] size distribu-
tion (e.g., |Zeegers et al., |2017; Rogantini et al., [2018). In this work, we compare
that with more complex dust size distribution models, such as those by Weingartner
and Draine (2001)) and Hirashita and Murga/ (2020). These models do not consider
mixed carbonaceous and silicate dust and thus contain separate grain size distribu-
tions for carbonaceous and silicate dust grains. Examples of the size distribution
models are shown in Figure [5.1 The simplest model is the MRN| model, shown by
the orange line. This model was developed to describe the observed extinction by
dust and is described in Section [1.2.5] Although the [MRN| model is a useful 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 parameter Ry (Cardelli et al., |1989). This parameter corre-
lates with the density of the ISM and the grain size: a lower Ry corresponds to the
diffuse ISM and indicates a larger population of small grains.

Therefore, Weingartner and Draine, (2001) models expand the size distribution
to smaller particles than the classic MRN| distribution with a lower dust size limit of
Amin = 3.5 x 107% um. The grain size distribution is given by the function described
in Section [1.2.5 (see Eq. [1.10] [1.11} and [1.12). We investigate this model using
three different values of Ry (3.1, 4.0 and 5.5). The Hirashita and Murga/ (2020))
model is a dust evolution model and models changes in the grain size distributions
for 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 Hirashita and Murgal (2020) model accounts for about 60-70%
of the total dust mass. The minimum grain size considered is apy, = 3 x 1074 um.
Particles smaller than this size are too small to be regarded as dust grains. The
largest grains used in their modeling are a = 10 um. Differences in gas density
affect the grain growth and destruction mechanisms in the [Hirashita and Murga
(2020) dust evolution models. In this work, we investigate the size distribution
models for four different values of dense gas fraction (7gense =0.1, 0.3, 0.5, 0.8),
exploring different environments with different densities. Similarly to the models
of [Weingartner and Draine (2001]), smaller grains are present in the most diffuse
environments, as can be seen in Fig [5.1 The adaptation of these models to X-
ray data follows the method described in [Zeegers et al. (2017) and Rogantini et al.
(2018)), and summarized in Section [2.2.1] based on the MRN distribution. We used
the same dust species and optical constants as those reported in |Zeegers et al.
(2019) and [Rogantini et al. (2020)). At each energy and grain size we calculated
the extinction, scattering, and absorption efficiencies (Qext,@sca and Qaps) using the
anomalous diffraction theory (ADT) as described in|Rogantini et al.| (2018]). The size
distribution models from Weingartner and Draine| (2001)) have been calculated using
the Fortran code referenced in their publication. In the case of Hirashita and Murga
(2020) the size distributions are numerically derived and we use their tabulated dust
size in our analysis. We then calculated the total cross section (Ceyy = ma?Qext) by
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integrating over the grain size distribution:

o = / Clo(a, n(a)da (5.1)
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Figure 5.1: Comparisons of several different size distributions used in this study.
The orange line shows the MRN distribution. The blue line shows the one of the
‘Weingartner and Draine| (2001) models with Ry of 4.0, indicated as WDO1. Three
models of [Hirashita and Murga (2020]) are shown by the green red and purple lines,
showing different values of dense gas fraction with a dust evolution time of 10 Gyr.

5.3 Observations and data reduction

5.3.1 GX 13+1

GX 13+1 is a luminous neutron star LMXB, originally classified as an atoll source
due to its lower luminosity (Hasinger and van der Klis, |1989). However, subsequent
observations have revealed properties more characteristic of Z sources (Fridriksson
et al [2015)). All Chandra observations of GX 13+1 exhibit wind signatures (Rogan-
tini et al., [2025)), characterized by significantly blue-shifted absorption lines produced
by an ionized outflow, indicating the presence of disk winds with velocities reaching
approximately 800kms™" (Ueda et al., 2004; Madej et al), [2014). GX 13+1 has
previously shown type-I X-ray bursts (Matsuba et all [1995) and absorption dips
(Laria et al., 2014)), but we did not observe any such events in our light curves.

Located at approximately 7 kpc from Earth (Bandyopadhyay et al., [1999)), GX
13+1 is positioned at Galactic coordinates (b = 0°.11, [ = 13°.52) and its brightness
~ 6 x 10 ergem ?s7! (D’Al et all |2014), makes it an ideal target for the inves-
tigation of absorption edges originating from the ISM. GX 13+1 has been included
in samples aimed at studying the absorption edges produced by interstellar dust,
particularly those associated with silicon (Zeegers et al., [2019; Yang et al., 2022)
and sulfur (Gatuzz et al., [2024)).
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Table 5.1: Log of the Chandra observations used in this work.

Obs. ID  Start time (UTC)  Exposure (ks)

11814  2010-08-01T00:31:31 29.1
11815  2010-07-24T05:46:27 29.0
11816  2010-07-30T14:47:25 29.1
11817  2010-08-03T10:12:10 29.1
20191  2018-05-10T06:21:06 25.1
20192 2018-05-26T07:09:48 23.1
20193  2019-02-17T11:54:29 26.2
20194  2019-05-30T03:44:31 254

5.3.2 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 [5.1]).

For each observation, we extracted the MEG +1 and MEG -3 spectra, and
combined spectra of the same order across different observations using the CIAO
tool combine _grating _spectra (version 4.15; [Fruscione et al.|2006). These two orders
(MEG +1 and MEG -3) are the only ones in which the silicon edge (6.74 A) falls on
a back-illuminated chip, thus avoiding the instrumental emission line reported by
Rogantini et al.| (2020)) (see Appendix [A]).

The MEG +1 spectrum is affected by pile-up, particularly in the harder por-
tion of the spectrum} Therefore, we excluded the MEG +1 data in the ranges
3.4A-3.7A and 4.2A-5.9A. Additionally, to retain the superior resolution of the
MEG -3 spectrum, we also excluded the MEG +1 data around the silicon edge
(6.65 A-6.77 A).

5.4 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 (Cashl [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 one interesting parameter.

!The magnesium and silicon edge regions are less susceptible to pile-up because ISM absorption
significantly suppresses the spectrum in these areas.
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5.4.1 Continuum and absorption

Following Zeegers et al.| (2019), we modeled the soft X-ray emission with a disk
blackbody component (dbb; [Shakura and Sunyaev|1973) and the hard X-ray emission
with a Comptonization model (comt; Titarchuk|1994). In the Comptonization model
we fixed the temperature of the seed photons to that of the disk blackbody and left
free to vary the plasma temperature (Tiomt). Absorption by cold interstellar gas
was accounted for using the hot model (de Plaa et all |2004), with the temperature
fixed at 1 x 107%keV. We adopted the protosolar abundances 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 free to vary the average
systematic velocity of the absorber (zv) and the root mean square velocity (v). We
simultaneously fit the continuum of the two datasets — one containing MEG-+1 and
the other MEG-3 data — while linking the absorption parameters between them. We
found a photo-ionized gas in outflow with a velocity zv = (—4.7 + 1.8) x 10?kms™!,
v = (3.0 £ 0.5) x 102kms ™!, a logarithmic ionization parameter log¢ = 4.3753, and
a hydrogen column density of Ng = (1.3 4 0.6) x 103> cm~2. These values are
consistent with those found by Zeegers et al.| (2019)). For the cold absorber, instead,
we found a hydrogen column density of Ny = (3.475%) x 10?2 ecm™2, consistent with
the value found in previous works (Zeegers et al., 2019; [Pintore et al. [2014; D’Ai
et al., |2014)). All fitting parameters are reported in Table .

Table 5.2: Best-fit parameters derived for the continuum in the two different
datasets.

MEG -3 MEG +1

N9 (102 em™2) 3.470%
kgTapy, (keV) 0.7+ 0.1
ksTeom: (keV) 18752 20+ 15
Teomt (keV) 09740 0.7k
NEabs (1023 em—2) 1.3 + 0.6
log £x@bs 4.3%03
zv¥ePs (102 kms ™) — 4.7+ 18
v<ebs (102 kms™) 3.0+ 0.5
Fy_10kev (1072 ergem=2s71) 85+ 04

5.4.2 The dust model

After modeling the continuum of our source, along with the neutral and ionized
absorption components, we included the dust model in the fit to simultaneously
account for the magnesium and silicon absorption edges. As noted by Rogantini
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et al.| (2019), fitting both edges simultaneously helps to better constrain the dust
properties, reducing the potential degeneracies. The spex amol model calculates
the transmission of various molecules considering both absorption and scattering.
By default, the extinction models in spex are evaluated for grains with a standard
MRN] size distribution. In this work, we will test the grain size distribution models
described in Section [5.2]

The amol model supports the simultaneous fitting of mixtures comprising up to
four distinct dust components. According to the approach outlined in |Costantini
et al.| (2012)), the total number of possible compound combinations is given by:

n!
 kl(n—k)!

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

Following the approach in [Rogantini et al| (2019) and Rogantini et al. (2020)),
we selected models that are statistically comparable to the best fit using the Akaike
Information Criterion (AIC, Akaike[1974). According to the criteria outlined by
Burnham and Anderson| (2002), models with a AAIC < 4 are considered statistically
indistinguishable from the best fit, while those with a AAIC > 10 are excluded from
further consideration.

In Fig. 5.2 we show the variation in the extinction cross section for different dust
size distributions, comparing these with the classical MRN model. The distributions
from Hirashita and Murga (2020)), characterized by varying dense gas fractions, and
those from Weingartner and Draine| (2001)), defined by differing levels of reddening,
both exhibit a larger fraction of bigger grains as these parameters increase. This
variation significantly influences the scattering behavior near the Magnesium (~
1305 ¢V = 9.5 A) and Silicon (~ 1839 eV = 6.74 A) absorption edges, since the
scattering efficiency increases with grain size.

In the subsequent section, we present the results obtained for each dust size
distribution. The dust and gas column densities derived using the best-fit dust
compositions for all distributions are summarized in Table

MRN distribution

The initial analysis employed the standard MRN] size distribution for the extinc-
tion cross section, used to model the edge profiles (black curves in Fig. . The
dust composition providing the closest match to the observed data primarily com-
prised amorphous olivine (~ 80%), with a smaller contribution from fully amorphous
quartz ~ 20% (see the top left panel in Fig. The model yielding the best sta-
tistical fit resulted in a C-statistic of 1677 with 1464 degrees of freedom.

Weingartner & Draine

The application of the dust size distribution from |Weingartner and Draine| (2001))
with Ry = 3.1 (red curves in Fig. resulted in a best-fit composition predomi-
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Table 5.3: Dust samples used in this work, with their
chemical formula, form, and references.

Name Chemical formula Form References
Olivine MgFeSiOy4 amorphous  [2],[3]
Olivine Mg s6Fep.4Sip 0104 crystalline  [1],[2],[3]
Fayalite Fe,SiOy crystalline [2],]4]
Forsterite MgySiOy crystalline 12],[3]
Quartz SiOq crystalline 3]
Quartz SiOq amorphous 3]
Quartz SiOq amorphous 3]
Spinel MgAl,O4 crystalline 13],[5]
Enstatite MgSiOs amorphous  [2],[3]
Enstatite MgSiOs crystalline 12],[3]
En75Fe25 Mgy 75Fep.255103 amorphous 12],[3]
En60Fed0  MgggFeq4SiO3  amorphous  [1],[2],[3]
En60Fe40  MgggFep4SiO3  crystalline  [1],[2],[3]
En90Fel0  MggoFep1Si03  amorphous [1],[2],[3]
En90Fel0  MggoFeq1Si03  crystalline  [1],[2],[3]

[1] Rogantini et al.| (2018), [2] |Zeegers et al.| (2019), [3] Rogan-
tini et al.| (2020), [4] Lee and Ravel (2005)), [5] [Costantini et al.

(2019).

The amorphous quartz samples are distinguished into interme-
diate and fully amorphous structures.
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Figure 5.2: 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 Hirashita and Murgaj (2020) 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 [ Weingartner and Draine (2001)) for reddening
values of Ry = 3.1 (red), Ry = 4.0 (orange), and Ry = 5.5 (blue).

nantly consisting of amorphous olivine (~ 70%), with a complementary component
of fully amorphous quartz (~ 30%), as illustrated in the Top right panel in Fig. [5.4]
This model achieved a C-statistic of 1681 with 1464 degrees of freedom. Raising
the Ry up to 4 the fit yielded — instead — a C-statistic of 1696 for 1464 degrees of
freedom. Increasing Ry further to 5.5 (blue line in Fig. resulted in an even
higher C-statistic of 1708. However, models with such high R, values are rejected
by the Akaike test, described in Section [5.4.2]

Hirashita & Murga

Adopting the dust size distribution of Hirashita and Murga (2020)) for a diffuse in-
terstellar medium (7)gense = 0.1; purple curve in Fig. the fit yields a C-statistic
of 1692, while for a dense medium (7gense = 0.8; Fig. |5.2 green curve) the value
increases to 1719. Both cases are rejected by the Akaike test. Intermediate fractions
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MRN WD WD WD HM HM HM HM
RV =31 RV =4.0 RV =55 Na = 0.1 Na = 0.3 Na = 0.5 Na = 0.8
Naolivine (108 em=2)  1.2792 0.9 + 0.2 0.8 + 0.3 0.5+0.1 1.1%93 1.0 08%9% 05401
Naquartz (10%em=2)  0.379% 04752 05+ 0.1 09+01 02753 0303 05+0.2 0.9+0.1
Nc,forstcritc (1018 Cm_z) - - - - - - 011—8% -
NE® (10' em—2) .24 < 1.8 1757 <18 1.34+0.2 <18 12995 12+£03
Nty (10" em—2) .07 22412 3.0+18 2472% 002440001 1.2+01 1479 13733
NE® (1017 em™2) 02+01 03401 04+£02 04+02 01401 02193 02+0.1 0.5+0.2
NE® (106 em—2) 02789 <21 <21 <21 <21 <21 <21 <21
C-stat 1677 1681 1696 1708 1692 1677 1681 1719
dof 1464 1464 1464 1464 1464 1464 1464 1464

Table 5.4: Column densities of dust and gas derived from the best-fit models for
various dust size distributions. Notes: In all cases, as outlined in Section [5.4.2] four
distinct dust components are fit simultaneously. However, with the exception of the
Hirashita and Murgal (2020) model (with nq = 0.5), only amorphous olivine and
amorphous quartz contribute significantly to the fit.

provide better fits: for ngense = 0.3 (Fig. , light purple curve) the C-statistic is
1677, and for ngense = 0.5 (Fig. [p.2] light green curve), which closely resembles the
MRN]|distribution, the C-statistic is 1681. In both Akaike-accepted models, the com-
position is dominated by amorphous olivine, with amorphous quartz contributing

approximately 20-30% (Fig. [5.4).

Table 5.5: Abundances and fractional depletions of magnesium and silicon for the
good dust size distributions.

MRN WD (Ry =3.1) HM (g =0.3) HM (nq = 0.5)

silicon
Az/Ae  144£07 0.7+ 0.4 0.7401 0.7+ 0.4
Sz 0.9940.01  0.9740.01 0.987005 0.98 4 0.01
magnesium
Az/As  0.9+0.7 0.940.5 0.8+ 0.2 0.8+ 0.6
oz 0.9270:08 0.8240.10 0.90 & 0.01 0.887012

5.5 Discussion

5.5.1 Dust size distribution

From this analysis, we can rule out the following dust size distribution models along
the line of sight of GX 13+1, as they yield AAIC values greater than 10 compared
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Figure 5.3: Best fits of the Si K edge (left panel) and Mg K edge (right panel) using
the dust size distribution from Weingartner and Draine| (2001)) with Ry = 3.1 (in
red), (in yellow), and Hirashita and Murga, (2020) with 7gense = 0.3 (in green).
Chandra MEG-3 data are shown in blue, and MEG-+1 data in black.

to the best-fit model (see Tab. [5.4): the [Weingartner and Draine (2001) models
with Ry = 4.0 and Ry = 5.5, and the [Hirashita and Murgal (2020) models with
Naense = 0.1 and ngense = 0.8. These results allow us to exclude, for this sightline, the
presence of a denser-than-average ISM — represented by the Weingartner and Draine|
(2001) models with Ry = 4.0 and 5.5, and by the Hirashita and Murga (2020) model
with 7gense = 0.8. In the Milky Way, a typical average value is Ry ~ 3.1 (Johnson,
, 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 Ry > 4.0.

We can also reject the scenario of an extremely diffuse ISM, represented by
the Hirashita and Murga (2020) model with 7gense = 0.1, where grain shattering
dominates, leading to a dust size distribution favoring smaller grains.

5.5.2 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; in-
stead, olivine remains the dominant silicate component in the ISM. This dominance
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 SiOy (silica) is generally not considered a major con-
stituent of the ISM, but amorphous silica has been sporadically detected. For ex-
ample, [Fogerty et al.| (2016) reported up to 20% silica by mass in warm regions of
the Trapezium LOS, based on analysis of the 9.7 um feature. Moreover, amorphous
silica is also observed in protoplanetary disks (Sargent et al., 2009)), suggesting that
while it is not a prevalent ISM component, it can appear in specific environments,
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Figure 5.4: Histograms of the relative contribution of each dust species, based on
AlIC-selected models. Each panel shows results computed using different dust size
distributions for the extinction cross section calculations.

possibly linked to local dust processing.

5.5.3 Depletions and abundances

From our spectral fits, we derived the depletion fractions of oxygen, magnesium,
silicon, and iron — the constituents of our dust models (see Table[5.3). The fractional
depletion is typically expressed as a percentage and is defined as 7 = 1—10"%, where
Dy 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 explicitly 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 [5.5)).

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

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; Rogantini et al.|2020) and are also in agreement with the depletions
reported by |Jenkins (2009) and Dwek| (2016). Our derived elemental abundances
are consistent with those reported in previous studies (e.g., |Zeegers et al. 2019;
Rogantini et al.|2020) and do not show significant deviations from solar values (see
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Table [5.3).

5.5.4 Dust crystallinity

The best-fit model suggests a crystalline-to-amorphous dust ratio ({; = 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; [Rogantini
et al., [2020)), but consistent with values observed in the infrared. In particular, at
these wavelengths, the smooth profiles of the features near ~ 9 ym and ~ 18 ym
indicate that less than 2.2% of interstellar dust is crystalline (Kemper et al., 2004,
2005). In this work, we find (; = 0.02, with an upper bound ¢; < 0.05.

A key aspect of this work is the significantly improved spectral 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 Appendix |A)), ensuring a clearer view of the
absorption profile. These improvements enable a more reliable characterization of
interstellar dust along this line of sight.

5.6 Conclusions

In this work, we used Chandra HETG (MEG+1 and MEG-3) observations of GX
1341 to study the composition and size distribution of interstellar dust along its
line of sight. 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 that:

e The classical MRN, the Weingartner and Draine| (2001) (Ry = 3.1) distribu-
tions, along with the [Hirashita and Murgal (2020) (7gense = 0.3 — 0.5) models,
best reproduce the observed absorption profiles. Distributions representing
very dense or highly diffuse ISM are statistically disfavored.

e The dust in this LOS is predominantly composed of amorphous olivine.

e The crystalline fraction of dust is extremely low (< 5%), consistent with in-
frared measurements.

These findings confirm the presence of typical diffuse ISM conditions along the
sightline to GX 1341 and emphasize the role of X-ray spectroscopy as a powerful
tool for probing the solid phase of the interstellar medium. Looking ahead, New
Athena observations 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, crystallinity, and size distributions across different Galactic environ-
ments.
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Chapter 6

Conclusions and Future Prospects

6.1 Summary of the main results

This thesis investigated how X-ray scattering and absorption can jointly be used
as probes to study the properties and the spatial distribution of interstellar dust.
In Chapter [3] we presented a detailed analysis of the dust rings around the GRB
221009A, providing a detailed three-dimensional reconstruction of the interstellar
medium along this direction. This work also led to an improved estimate of the
soft X-ray fluence of GRB 221009A and provided an independent constraint on
the absorption within its host galaxy. In Chapter [d, we extended this analysis
to additional GRBs (160623A and 031203), focusing on the X-ray rings produced
by more distant clouds associated with the Perseus, Outer, and Outer Scutum-
Centaurus arms. These results are particularly relevant because, contrary to most
commonly used techniques, they were derived without relying on the Milky Way
rotation curve, which is still subject to significant uncertainties. In Chapter [, we
took advantage of high resolution spectroscopy to explore the composition and grain
size distribution of the dust along the line of sight toward GX 13+1. For the first
time, different grain-size distribution models (MRN, WD, and HM) were tested
against the data, allowing us to obtain information not only on the composition of
the dust, such as the crystalline fraction and the elemental depletions, but also on
the grain-size distribution.

As briefly discussed in Chapter [2]and [3] (see, e.g., Table[3.1)), valuable information
on dust grain-size distribution and composition can also be derived from the study of
X-ray dust scattering. [Sneppen and Watson| (2025)) extended the analysis presented
in (Tiengo et al| (2023) and |Vaia et al. (2025) by employing anomalous diffraction
theory to model the ring brightness as a function of the scattering angle. This
approach enabled for the first time a direct measurement of the complex refractive
index of interstellar dust grains together with an accurate determination of their
grain-size distribution. They found a maximum grain radius of about 0.24 pm,
thus ruling out a significant population of large grains along this line of sight, and
constrained the iron mass fraction, obtaining values consistent with the elemental
abundances and depletion levels observed in the interstellar medium through high-
resolution spectroscopy.
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CHAPTER 6. CONCLUSIONS AND FUTURE PROSPECTS

6.2 Work in progress and future projects

The results presented in this thesis help to address several of the open questions
outlined in Section but a lot of work can still be done taking advantage of the
X-ray scattering and absorption process. The ongoing and future works described
in the following section show some possible developments in this direction.

6.2.1 Investigating the relationship between optical extinc-
tion and X-ray absorption

An open question concerns the relationship between optical extinction and the hy-
drogen column density derived from X-ray spectral fitting. Although this rela-
tion has been explored for various astrophysical classes and instruments (see Sec-
tion , it has never been studied on a large, homogeneous sample of stars with
accurately known distances and high-quality X-ray spectra.

During my PhD, we initiated a pilot study to test the feasibility of this approach
creating a preliminary sample of field star observed through both the Gaia and
XMM-Newton missions. The aim was to verify the feasibility of a systematic analysis
and to provide estimates for various parameters, such as the number of sources in
the sample and the estimated ratio of Ny to A,. Here, we outline the steps taken
during the creation of this preliminary sample:

e The 4XMM-DR13 catalog was filtered by selecting only point-like sources with
an equivalent detection likelihood greater than 1000, which usually provides a
number of photons sufficient to perform a meaningful spectral analysis.

e A cross-match was made between the filtered catalog from the previous step
and the full Gaia DR3 catalog. The matching procedure was based upon
the angular distance between the XMM X-ray sources and potential Gaia
counterparts, the assigned optical counterpart being the brightest within 3
arcsecs from the X source location.

e The new catalog underwent a second selection, in which we preserved only
sources with well-determined (>20 sigma; |Andrae et al.|2023) parallax and
optical extinction (Ag), excluding cool stars (T < 4000K), for which Gaia
extinction is less reliable.

e After the determination of the chance-coincidence probability by counting the
number of stars within 3 arcmin, sources with a probability higher than 0.1%
were excluded.

The result was a catalog of 355 sufficiently bright XMM-Newton sources with a
stellar counterpart in the Gaia catalog with well-determined distance and optical
extinction. As a feasibility study, we analysed the X-ray spectrum of a sample
of 29 sources by selecting those with distances larger than 800 pc (to minimize
the contribution from young stellar objects in nearby molecular clouds, which could
introduce a bias due to extinction from protostellar disks), with the addition of a few
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Figure 6.1: Left panel: Hydrogen column density derived from the X-ray spectra
(Ni) vs. dust extinction (Ay).The blue line represents the best-fit linear relation
determined from our data, while the dashed lines correspond to relationships pre-
viously established from different types of objects (XBs = X-ray binaries, SNRs =
supernova remnants, GRBs = gamma-ray bursts, PNs = planetary nebulae, YSOs
= young stellar objects; see Zhu et al.|2017| for details). Right panel: Spatial distri-
bution, in Galactic coordinates, of the sources in our preliminary sample.

closer object to better sample the large extinction regime. The X-ray spectra were
modeled with one or more (up to 3) absorbed collisional-radiative plasma model.

The left panel in Fig. shows the correlation between the hydrogen column
density derived from the X-ray spectra, and the dust extinction for the sample, with
the resulting best-fit linear relation:

Ni = (1.240.2) x 10* cm™?mag A, — (1.0 £0.3) x 10*' em™2. (6.1)

The slope of the relation is compatible with the correlation found for young
stellar objects in p Oph (Vuong et al., 2003)) and in the Orion Nebula (Hasenberger
et al.| 2016), while our sample is mainly formed by uniformly distributed field stars
(see the right panel in Fig. [6.1). The relations derived from other classes of X-
ray sources are instead systematically steeper (left panel in Fig. [6.1). However,
this discrepancy might be caused by the systematic overestimation of extinction,
mainly for highly obscured stars, already noted in the Gaia catalog (Andrae et al.
2023). Conversely, an underestimate of X-ray absorption could result from using an
incorrect modeling of the stellar X-ray emission. The presence of an intercept not
compatible with 0 is another compelling indication of the need to refine and expand
the sample.

6.2.2 Toward a systematic archival survey of X-ray dust scat-
tering halos

Beyond these first results, an important next step is to move from individual case

studies to a systematic, archival survey of X-ray dust-scattering phenomena.

To this end, an automated detection pipeline can be developed to search for dust-
scattering rings and halos in archival XMM-Newton, Chandra, and Swift observa-
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Figure 6.2: Halo surrounding Aql X-1 in the XMM-Newton data of its 2010 outburst

tions. This pipeline can integrate machine-learning techniques, such as convolutional
neural networks for pattern recognition and anomaly detection, to efficiently identify
ring-like structures. Training can be based on well-studied cases (e.g. GRB 031203,
GRB 221009A) and on simulations of similar events. The expected outcome is a ro-
bust and reproducible framework that reduces human bias and enables the creation
of a preliminary catalog of candidate scattering events.

For each identified candidate, the analysis strategy can differ depending on the
nature of the associated source:

e Extragalactic sources: the method described in Chapter [3] can be applied to
reconstruct the three-dimensional dust distribution along the line of sight.

e Galactic sources with uncertain distances (e.g., the X-ray binary Aql X-1; see
Section [6.2.3): if at least one dust layer is known from independent tracers
(e.g. CO or HI surveys, extinction maps, or maser parallax measurements),
the halo geometry can be used to estimate the source distance. This approach
is particularly effective for X-ray binaries and transients in the Galactic plane,
many of which still lack precise distance estimates.

The expected outcomes are refined distance determinations for a sample of Galac-
tic X-ray sources and high-resolution dust maps in several Galactic directions. In
particular, this technique can be used to increase the small sample of GRBs with
dust-scattering rings (Sﬂjeg et al., 2023)), which would allow us to map additional
directions of the Galaxy.

As shown in Chapter [4] we have already identified new scattering rings in archival
XMM-Newton data. In addition, as briefly reported here below (Section, from

a preliminary archival search we discovered a time-variable X-ray halo around Aql X-
1 in XMM-Newton observations of its 2010 outburst. Since the distance to Aql X-1
remains uncertain, analyzing this halo can provide a more precise and independent
distance determination.
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6.2.3 Aqgl X-1

The low-mass X-ray binary Aquila X-1 (or Aql X-1), discovered by Kunte et al.
(1973), is one of the most active neutron star X-ray transients known. It has exhib-
ited both coherent millisecond X-ray pulsations at approximately 1.8 ms (Casella
et al., 2008)) and thermonuclear bursts (e.g., Galloway et al.[2008). The 2010 out-
burst was among the brightest ever observed, reaching a peak luminosity of about
350 mCrab around September 14, 2010.

XMM-Newton observed Aql X-1 five times during the decay of the 2010 outburst
(see Table . We analyzed only data from the pn camera when the observations
were obtained in full window mode and only MOS2 data elsewhere. We do not
report the analysis of the MOS1 data due to the permanent damage sustained by
two external CCDs during the early stages of the mission. These data were processed
using the Science Analysis Software (SAS) 20.0.0 (Gabriel et al., [2004)) and the latest
calibration files. The EPIC events were cleaned with standard filtering expressionsﬂ
To maximize the signal-to-noise ratio of the scattering halo, the analysis was confined
to the 0.4 — 2 keV energy range.

For each observation, we derived the corresponding radial profile (Fig. . A
clear excess is visible in each of these profiles, which — moreover — expand over time,
indicating that they are not background features but rather an evolving halo. The
decaying side of the bump corresponds to the earliest photons produced by the burst
on September 14, 2010, and, thus, the first to be scattered.

As discussed in Section[2.1] for Galactic sources Equation 2.1 can be used to infer
the distance to the source, once the distance to the dust cloud has been provided.
To tackle this problem, we used the optical/IR 3D extinction map by |Green et al.
(2019). Extracting the map in the direction of Agl X-1 (Fig. [6.4), two prominent
increases in extinction are apparent: the first at around 200 pc and the second
between 3 and 5 kpc. Assuming that the latter structure produced the halo and
using the angular size corresponding to the end of the bump together with the start
time of the observations, Equation yields—for all five halos—a source distance of
Dy = 613 kpc. This value is compatible with the distance estimated from type I
burst photospheric radius expansion (< 6 kpc; (Galloway et al.|2008) and from IR
spectroscopy (6 + 2 kpc; Mata Sanchez et al.[2016).

This analysis represents a preliminary step; future work will aim to obtain a
more accurate distance estimate by employing other dust maps, which can help to
better constrain the dust layer responsible for the observed halo.

6.3 Future Missions

The XMM-Newton and Chandra X-ray observatories have enormously advanced the
study of the ISM even thanks to their grating instruments (see for example Chapter
B). The next-generation observatory New Athena (Cruise et all, [2025), equipped
with a cryogenic X-ray calorimeter, will deliver high-resolution spectroscopy over
a broader energy range. This will allow detailed studies of absorption edges at

For pn  data: #XMMEA_EP&& (FLAG==0) && (PATTERN<=4) and for MOS:
#XMMEA_EM& & (PATTERN<=12) .
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Figure 6.3: Radial profiles of the five XMM-Newton observations listed in Table [6.1]
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Table 6.1: Log of the XMM-Newton observations of Aql X-1 used in this work.

Obs. ID  Start date (UTC) Instrument Observing mode
0085180101 2010-10-12 pn Burst
" " MOS1 Timing
" " MOS2 Timing
0085180201 2010-10-17 pn Timing
" " MOS1 Large Window
" " MOS2 Timing
0085180301 2010-10-25 pn Timing
" " MOS1 Large Window
" " MOS2 Timing
0085180401 2010-10-29 pn Full window
" " MOS1 Full window
" " MOS2 Full window
0085180501 2010-11-02 pn Full window
" " MOS1 Full window
" " MOS2 Full window

higher energies — such as those of aluminum, sulfur, calcium, and iron (Fe K) —
in addition to offering enhanced sensitivity and resolution around the magnesium
and silicon K edges (Costantini and Corrales, 2022). Such advancements will open
new diagnostic windows on the chemical composition, ionization state, and physical
conditions of interstellar dust. At lower energies, missions with higher resolving
power, such as the proposed concept mission Arcus (Smith et al., 2022), would
allow detailed studies of the oxygen K edge together with the iron L edges and the
carbon K edge. High-resolution spectroscopy of this region would be particularly
valuable, as it could distinguish between different carbonaceous dust components,
such as graphite, amorphous carbon.

Furthermore, as discussed in Chapter although exceptionally bright, low-
latitude gamma-ray bursts (GRBs) like GRB 221009A are expected to be rare,
forthcoming missions such as New Athena and AXIS (Reynolds et al. 2023) will
enable systematic X-ray follow—ups of GRB afterglows. The enhanced sensitivity
of these future instruments will make it possible to detect a larger number of scat-
tering rings and halos, including those that are significantly fainter than what can
currently be observed.
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Appendix A

The XMM-Newton, Swift, and
Chandra X-ray satellites

A.1 XMM-Newton

The XMM-Newton observatory (Jansen et al., 2001), named in honor of the En-
glish physicist Isaac Newton, was launched on December 10, 1999, and represents
the most significant contribution of the European Space Agency (ESA) to X-ray
astrophysics research. The system is 10.8 m long, weighs 3,764 kg, and has a width
of 16.16 m when the solar panels are fully deployed. It was placed into an elliptical
orbit with an apogee of about 115,000 km and a perigee of roughly 6000 km. How-
ever, due to various perturbations and a correction maneuver carried out in 2003,
the orbital parameters gradually evolve over time. Along this orbit, several observa-
tional constraints must be taken into account, as they can strongly influence target
scheduling. For example, scientific observations are impossible when the spacecraft
passes through the radiation beltd') because the high radiation levels could harm the
instruments. Moreover, the Sun, Earth, and Moon are too bright, and the telescope
can never be pointed close to their directions.

The satellite carries three main instruments: three European Photon Imaging
Cameras (EPIC, [Turner et al. 2001} [Struder et al.|2001)), two high-resolution Reflec-
tion Grating Spectrometers (RGS, |den Herder et al. 2001)), and one Optical Monitor
(OM, Mason et al.|2001)).

The system is equipped with three X-ray telescopes, each consisting of 58 mirrors.
They are designed to operate in the X-ray energy range of 0.1 keV to 12.0 keV, with
a focal length of 7.5 m. Table lists the full width at half maximum (FWHM)
and half energy width (HEW) values of the Point Spread Function (PSF), derived
from both ground-based and in-orbit measurements. The effective FOV of the EPIC
instruments is approximately 30’ in diameter.

Each telescope is equipped with one EPIC camera, which are of two different

types:
e Two MOS-CCD cameras (Turner et al.,. 2001). Each of these cameras consists

IThe Earth’s magnetosphere captures energetic charged particles, forming two regions of intense
radiation known as the Van Allen Belts, which protect the planet from solar storms and the
continuous solar wind.
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Table A.1: Full Width at Half Maximum (FWHM) and Half Energy Width (HEW)
of the PSF for different mirror modules, derived from both in-orbit and ground
measurements.

Instrument pn MOS-1+RGS-1 MOS-2+RGS-2

Measurement orbit/ground orbit/ground  orbit/ground

FWHM [’] <12.5/6.6 4.3/6.0 4.4/45
HEW [/] 16.6/15.1 16.8/13.6 17.0/12.8

of seven silicon chips (one in the center and six surrounding it, see the left
panel of Figure |A.1]), with each chip containing an array of 600 x 600 pixels.
The energy resolution at 1 keV is ~ 70 eV.

e One pn-CCD camera (Striider et al., |2001)). This camera is made up of 12
CCDs, each with dimensions of 64 x 200 pixels (see right panel Figure [A.1]).
The energy resolution at 1 keV is ~ 80 eV.

The two MOS-CCD cameras detect only ~50% of the incoming radiation, as
the other half is directed to the associated RGS. These instruments are designed
to obtain high-resolution spectra in the 0.3-2.5 keV energy band, through the com-
bination of reflection gratings and CCD detectors. Although the RGS intruments
cannot provide 2D images, they have a much better energy resolution of 0.025 A (i.e
2 eV) at 1 keV. The EPIC cameras support multiple data acquisition modes. For
the MOS detectors, the six peripheral CCDs always operate in standard imaging
mode, while the central CCD can be configured independently. Consequently, all
MOS CCDs collect data continuously, regardless the selected operating mode. The
available modes—Full Frame, Large Window, and Small Window—differ mainly in
FOV (600x600, 300x300, and 100x100) and time resolution (2.6 s, 0.9 s, and 0.3 s,
respectively). The use of faster readout modes is essential for very bright sources, as
they minimize the effects of photon pile-up—where multiple photons are registered
as a single event within one frame—and allow accurate timing and spectral mea-
surements without saturation. In contrast, the slower full-imaging modes are best
suited for faint or extended sources, where spatial coverage is prioritized over timing
accuracy.

The pn camera CCDs, on the other hand, can be operated either across all chips
— in Full Frame, Extended Full Frame, and Large Window modes — or restricted to
a single CCD (CCD 4 in Fig. for Small Window, Timing, and Burst modes.
As for the MOS camera, these modes differ mainly in time resolution and FOV: the
Full Frame modes offer complete imaging at the expense of longer time resolution
(up to 73.4 ms), whereas the Small Window and Timing modes achieve higher time
resolution (down to 5.7 ms and 0.03 ms, respectively) by reading out a reduced
detector area (63x64 and 64x200, respectively).
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CCD1

Figure A.1: Layout of the EPIC MOS (left panel) and pn (right panel) camera as dis-
played in SAS (Gabriel et al.,2004)), showing the detector coordinates DETX/DETY
and for the pn camera even the orientation of the CCD-specific RAWX/RAWY axes.

A.1.1 EPIC filters and effective area

The most important improvement of XMM-Newton with respect of the previous
imaging X-ray observatories is the large collecting area (see left panel Fig. . At
low energies, the effective area is limited both by the drop in the CCD quantum
efficiency and by the presence of filters. At higher energies, the effect of the filters
becomes negligible, and the effective area is instead determined by the detector
quantum efficiency. For the MOS-CCDs, the quantum efficiency decreases sharply
above 10 keV, while the pn detector maintains a higher quantum efficiency up to 12
keV.

The effective area of the mirrors varies even with the off-axis angle. As the off-
axis angle increases, a smaller fraction of photons entering the telescope reach the
focal plane (this effect is known as vignetting). In the XMM-Newton telescopes,
vignetting manifests itself as a decrease in effective area with increasing off-axis
angle, as illustrated for several photon energies in the right panel of Fig. [A.2] The
EPIC CCDs are sensitive not only to X-ray photons, but also to IR, visible, and
UV light. To reduce the contamination from this low energy radiation, each EPIC
camera is equipped with a set of three filters with different thickness: thick, medium,
and thin. These filters, however, partially absorb low energy X-rays as well, and
therefore, to minimize the reduction of the effective area, the thicker ones should be
applied only in case of bright optical targets.

A.1.2 The EPIC background

The EPIC background consists of three main components: the Cosmic X-ray Back-
ground (CXB), a nearly uniform emission produced by the integrated contribution
of numerous unresolved extragalactic sources (mainly active galactic nuclei); the in-
strumental background, which includes detector noise (important below ~300 eV);
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Figure A.2: Left panel: Net effective area of EPIC and RGS, shown on a logarithmic
scale. Right panel: Vignetting factor as a function of off-axis angle for the EPIC-pn
camera at 1.5, 4.5, 6.4 and 8.0 keV. Figures from XMM-Newton Science Operations
Centre (SOC)| (2025)).

and the particle-induced background. The latter can be further divided into two
distinct components: a highly variable flaring component, caused by soft protons of
solar origin that are focused by the X-ray mirrors and may sometimes be entirely
absent, and a more stable component produced by interactions between high-energy
cosmic rays (with energies exceeding several hundred MeV) and the materials of the
spacecraft and detectors, generating secondary particles and fluorescence lines.

Understanding the different background contributions is crucial for accurate data
analysis, as they affect both the spectral and imaging sensitivity of the EPIC instru-
ments. The flaring soft-proton background is strongly time-variable and is usually
filtered out through light-curve screening, at the expense of a significant reduction of
the available exposure time. The background component induced by higher energy
particles varies on longer timescales, mainly due to the 11-year Solar Cycle, and can
therefore be estimated from exposures taken with the filter wheel in closed position
or from the external regions of the MOS cameras which are not directly exposed to
the sky (out-of-field-of-view events).

A.2  Swift

The Neil Gehrels Swift Observatory (Gehrels et al., 2004), launched on November 20,
2004, is a NASA mission developed in collaboration with the Italian Space Agency
(AST) and the United Kingdom Space Agency (UKSA). It was specifically designed
for the rapid detection and multi-wavelength follow-up of GRBs, marking a new era
in time-domain astrophysics.

The satellite has a total mass of ~ 1500 kg, measures 5.6 m in length with the
solar panels deployed, and it operates in a low Earth orbit. Swift carries three
co-aligned telescopes that provide simultaneous coverage over a wide energy range,
from hard X-rays to the optical/UV domain:

e The Burst Alert Telescope (BAT; |Krimm et al.|2013) detects GRBs and pro-
vides their sky coordinates with arcminute accuracy in the 15-150 keV energy
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Figure A.3: XRT’s PSF at different on-axis and off-axis positions over the full
23.6'x23.3" FoV.

range. It has a coded aperture imaging instrument that provides a large field
of view of about 1.4 sr, enabling the rapid localization of transient events.

e The X-Ray Telescope (XRT; Burrows et al.|2005) performs follow-up obser-
vations in the 0.2-10 keV band. It consists of a grazing incidence Wolter
I (paraboloid-hyperboloid) mirror assembly coupled with a front-illuminated
MOS CCD detector (a single unit of the same chips used in the EPIC MOS
cameras on-board the XMM-Newton Mission).

e The Ultraviolet—Optical Telescope (UVOT; |Roming et al.|2005) observes in
the 1700-6500 A range. It provides photometry and imaging in seven filters
(UVW2, UVM2, UVWI, U, B, V, and White) with a typical angular resolution
of 2.5" (FWHM).

The key innovation of Swift lies in its rapid slewing capability: once the BAT
detects a GRB, the spacecraft autonomously points the narrow-field instruments
(XRT and UVOT) toward the burst position. XRT localize GRBs with an accuracy
of a few arcseconds within ten seconds of target acquisition for a typical event, and
is able to observe their X-ray counterparts starting 60-80 seconds after the burst
detection, continuing the monitoring for several days to weeks.

A.2.1 The X-ray telescope

The XRT is a focusing X-ray telescope with a 120 cm? effective area, 23.6' FoV, 15”
resolution (half-power diameter, HPD) at 1.5 keV and — at the launch — an energy
resolution of about ~190 eV at 10 keV and of ~50 eV at 0.1 keV. The mirror PSF
at different positions is shown in Fig. [A.3]

The XRT operates in four main modes. In Imaging Mode, the instrument pro-
duces an integrated image that measures the total energy deposited per pixel; this
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mode does not permit spectroscopy. Photodiode Mode provides very high timing
accuracy (timing resolution of 0.14 ms) for rapidly varying flux from a bright source,
and permits spectroscopy. Windowed Timing Mode offers a timing resolution of 2.2
ms together with one-dimensional positional information and allows spectroscopy for
sources with fluxes below about 1.4 x 10 % ergcm™2s™!. Finally, Photon-Counting
Mode enables full spectral and spatial information for sources with fluxes between
8x 107" and 3 x 10~ erg ecm =2 s71; however, pile-up becomes significant for sources
brighter than 0.5 counts per second.

In XRT, the background is dominated by the cosmic X-ray background and
instrumental background which consist of "bad pixels" that produce leakage current,
and a minor particle-induced component, as its low-Earth orbit exposes it to a much
lower flux of charged particles.

A.3 Chandra

The Chandra X-ray Observatory (Weisskopt et al., 2002)) is a NASA mission launched
on July 23, 1999. It was designed to provide order-of-magnitude advances over
previous X-ray astronomy missions with regard to spatial and spectral resolution.

The observatory orbits Earth in an elliptical orbit, in mid-2024, the orbit had an
apogee altitude of approximately 145,000 km and a perigee altitude of about 2,350
km. The orbit ensures high observing efficiency, with the satellite spending about
70% of its time well above the Earth’s radiation belts. The long orbital period of
63.5 hours enables uninterrupted observations of up to ~180 ks in a single orbit.

Chandra hosts a single, high-precision X-ray telescope consisting of four pairs
of Wolter I mirrors, with the largest mirror having a diameter of 1.2 m and a
focal length of 10 m. This optical system, known as the High Resolution Mirror
Assembly (HRMA), was designed to deliver images with a spatial resolution of 0.5”
and to concentrate more than 85% of the energy at 0.277 keV within a 1” diameter.
The HRMA PSF, however, varies appreciably with the source position within the
telescope’s field of view. The PSF broadens for off-axis sources, and noticeable
image distortion occurs. This distortion arises from the inherent aberrations of the
Wolter I design and from the differing focal surfaces of the four mirror pairs. The
increase in image size with off-axis angle is most pronounced for the inner mirror
shells, and therefore becomes more significant at higher X-ray energies.

The focal plane hosts two main scientific instruments:

e The Advanced CCD Imaging Spectrometer (ACIS; Garmire et al. 2003) pro-
vides imaging and moderate-resolution spectroscopy. It consists of ten CCDs
arranged in two arrays: ACIS-I (a 4-chips array for imaging and spectrom-
etry, Fig. and ACIS-S (a 6 chips—array which can be used for imaging
spectrometry and also for high-resolution spectroscopy in conjunction with
the HETG grating, Fig. . The CCDs operate over the 0.2-10 keV energy
band. As for XMM-Newton, since the CCDs are sensitive even to optical radi-
ation, blocking filter are placed between the chips and the HRMA. The main
parameters of ACIS are summarized in Table The effective area value
reported correspond to the one at the beginning of the mission (Cycle 1);
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Table A.2: ACIS main parameters.

CCD format 1024 x 1024 pixels
Pixel size 0.4920"
On-axis effective Area (at Cycle 1) 110cm? @ 0.5 keV

600cm? @ 1.5 keV
40 cm? @ 8.0 keV
Time resolution 285 ms—32s

Sensitivity 4 x 107 ¥ergem™2s7 ! in 10ts

however, a gradual decrease in the ACIS effective area at energies below 2 keV
has been observed since launch. This decline is attributed to the progressive
build-up of out-gassed contaminants on the cold optical blocking filters.

e The High Resolution Camera (HRC; [Murray et al.2000) is a microchannel
plate detector optimized for imaging and timing, covering the 0.08-10 keV
band. It provides a spectral resolution AE/E = 1 at 1 keV and a timing
accuracy of 16 pus. The HRC operates in two configurations: HRC-I, optimized
for wide-field imaging, and HRC-S, used primarily as the readout detector for
grating spectroscopy.

A.3.1 ACIS Background

The ACIS background, as for XMM-Newton, is composed of three main components:
the Cosmic X-ray Background (CXB), the particle-induced background, and the
instrumental background (which includes read-out artifacts, also known as out-of-
time events). The particle-induced background originates from the interaction of
high-energy charged particles with the spacecraft and the detectors. This component
includes a relatively stable quiescent background, produced by cosmic rays and their
secondary particles, and a highly variable flaring component caused by soft protons
of solar origin that are scattered toward the focal plane by the HRMA mirrors,
despite the presence of magnetic deflectors on board Chandra.

Between September 2002 and June 2012, a series of observations were performed
with ACIS in the stowed position, where the detector was shielded from the sky
by the SIM structurd? These observations enabled the characterization of the non-
celestial component of the X-ray background. In addition, during July—September
2001, Chandra conducted several short observations of the dark Moon, which com-
pletely blocks the cosmic X-ray background. The spectra obtained from the dark
Moon and the stowed configurations were found to be indistinguishable. Thus, the

2The Science Instrument Module (SIM) is a movable structure that positions the focal-plane
instruments (ACIS or HRC) into or out of the focal position of the telescope.
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Figure A.4: Schematic view of the ACIS focal plane (not to scale). The ACIS-I
array comprises chips 10-13 (shaded in the upper panel), while the ACIS-S array in-
cludes chips S0-S5 (shaded in the lower panel). Figure from the Chandra Proposers’
Observatory Guide.
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ACIS-stowed background is a good representation of the quiescent non-X-ray back-
ground in the normal focal position and can be used for science observations.

To support data analysis, the Chandra X-ray Center combined a set of deep,
source-free, flare-free exposures (including all components of the background) into
background event files corresponding to different time periods (commonly referred
to as "blank-sky" dataset).

A.3.2 High-resolution spectroscopy with Chandra

High-resolution spectroscopy is achieved through two transmission grating assem-
blies that can be inserted into the optical path:

e The High Energy Transmission Grating (HETG, (Canizares et al.|[2005) is used
with ACIS-S and covers the 0.4-10 keV energy range.

e The Low Energy Transmission Grating (LETG, Brinkman et al.|2000)) is typ-
ically used with HRC-S and operates over 0.08-2 keV, achieving a resolving
power up to ~ 2000 at 0.5 keV.

High Energy Transmission Grating

The HETG operates in conjunction with the HRMA and a focal-plane imager; to-
gether, they form the High-Energy Transmission Grating Spectrometer (HETGS).
This instrument provides a resolving power E/AFE of up to ~ 1000 at 1 keV. It com-
prises two types of gratings—the High Energy Grating (HEG) and the Medium En-
ergy Grating (MEG)—that disperse photons into multiple diffraction orders (£1,£2,43),
enabling precise energy calibration and order sorting via the CCD energy resolution.
The two grating assemblies are oriented with their rulings at different angles, caus-
ing the dispersed spectra from the HEG and MEG to intersect in a shallow "X"
pattern (Fig. centered at the undispersed (zeroth-order) position.

Pile-up can also occur in dispersed spectra, most commonly in the first-order
spectra of bright continuum sources. This effect is typically most pronounced in
the MEG first-order spectrum near the iridium edge at 2 keV, where the HETGS
effective area reaches its maximum. Failure to correct for pile-up may introduce an
artificial absorption edge in the data.

The spectral resolution increases approximately linearly with the diffraction or-
der (R,, ~ mRy), as higher orders produce a greater angular dispersion. However,
the diffracted intensity decreases rapidly with increasing m, making first-order spec-
tra the most commonly used for scientific analysis.

Instrumental features near the Si K edge

In previous studies (Zeegers et al., |2019; Rogantini et al. 2019; Rogantini et al.,
2020)), an instrumental feature near the Si K absorption edge (at 6.742 A) was con-
sistently observed in all sources analyzed with Chandra/HETGS, with the notable
exception of the +1 order MEG spectra, which did not display the emission peak.
Among the spectral orders used in these studies, the +1 MEG is the only one that
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Raw Detector Image, ACIS Energy Color-coded
S2 S3 sS4

Figure A.5: HETGS observation of Capella (ObsID 1318). Top panel: Image of
detected events in the ACIS-S detector. The bright zeroth-order image is visible
on CCD S3 and shows a vertical frame-transfer streak. Diffracted photons form a
shallow X-shaped pattern corresponding to the HEG and MEG dispersion axes. The
apparent broadening of the images is due to spacecraft dither. Middle panel: Aspect-
corrected image after applying selections to retain only valid zeroth- and first-order
events. Bottom panels: Expanded views of the MEG-1 (minus-first-order) spectrum,
showing prominent emission lines, which are clearly resolved. Figure from |Canizares
et al. (2005).
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does not intersect the front-illuminated CCDs in the silicon region. This instru-
mental feature, detailed in a Chandra calibration memorandumﬂ, actually consists
of two narrow emission lines, one at 6.742 A and another at 6.714 A. These lines
are believed to originate from fluorescence in the SiO, gate structure present in
the front-illuminated CCDs, likely induced by the interaction of X-rays with the
detector material.

We also note here that the only other HETG spectral order falling on a back-
illuminated chip near the Si edge is the MEG -3, which falls on the S1 CCD. As
expected, this order does not exhibit the spurious emission lines, further supporting
the hypothesis that their formation is linked to the front-illuminated architecture of
the detector. This issue is discussed in more detail in Chapter |5, where the spectral
region around the Si K edge is analyzed in depth.

3https://space.mit.edu/CXC/calib/hetg_user.html
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