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Abstract

The study of the interstellar medium (ISM) in the X-rays has entered a golden
age with the advent of the X-ray observatories XMM-Newton and Chan-
dra. High-energy resolution allowed to study dust spectroscopic features with
unprecedented detail. At the same time, the X-ray imaging capabilities offered a
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new perspective of dust scattering halos. Both spectroscopy and imaging rely on
a simple geometry, where a distant X-ray source, usually a bright X-ray binary
system, lies behind a multilayered ISM. X-ray binaries can be found in different
regions in the Galaxy, providing the unique chance to study the ISM in distinct
environments. In the following, we will describe how X-rays can be used as a
tool to study gas and dust along the line of sight, revealing elemental abundances
and depletion. The study of interstellar dust spectroscopic and imaging features
can be used to extract the chemical and physical properties of the intervening
dust, as well as its distribution along the line of sight.

Keywords

Interstellar medium - Interstellar dust - X-ray absorption fine structure -
Scattering halos - Laboratory astrophysics - X-ray spectroscopy - Atomic
physics - Observational techniques

Introduction

The interstellar medium is an environment with densities spanning many orders
of magnitude (~10_4—106 cm~3, McKee and Ostriker 1977; Ferriére 2001), filling
the space not occupied by stars in our Galaxy. This medium has been recognized
as a substance in-between stars already in the seventeenth century (Bacon 1626).
Its nature and properties caused a growing interest over the centuries which brought
prominent astronomers of their time to try to characterize this medium (e.g., Barnard
1919; Trumpler 1930). Today, the interstellar medium, which constitutes about 10%
of the Galaxy’s visible mass, is one of the most extensively studied fields of astron-
omy. Similar to the stars, the ISM composition is by far dominated by hydrogen.
Depending on its ionization, the medium can be roughly divided in three phases.
Neutral hydrogen, H1, traces about 60% of the ISM (e.g., Draine 2011; McKee
and Ostriker 1977). The temperatures encompassed by this diffuse medium are in
the range 100-5000 K. A colder phase (7' = 10-50 K) accounts for dense media and
molecular clouds. Its importance in terms of volume in the ISM is more modest, as
about 17% of hydrogen is in the H, form that characterize these media. Finally, envi-
ronments with temperatures >10* K are dominated by H 1. The gas in these regions
is either photoionized by nearby stars or heated by shock events in the medium.

The majority of interstellar material production is due to stellar activity (Clayton
1978). Dense environments, like molecular clouds, may collapse due to their own
gravity to eventually form a star. After the star has evolved along the main sequence
of the Hertzprung-Russell diagram and turns into a giant star, the outer layers,
containing gas from the recent dredge-up events, as well as gas from the pristine
material (e.g., C, O, Si, and Mg), are ejected and returned to the surrounding
medium (e.g., Whittet 2003). As the temperature decreases with distance from the
star (Savage and Sembach 1996), gas may condense into solid grains (section “Inter-
stellar Dust”).
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If a star has a sufficiently high initial mass (>8 M), the giant-star phase will
end into a core-collapse supernova (CCSN) explosion. In these conditions, iron
can be formed either by the short-lived Si-burning or by decay of the *°Ni. Actual
dust formation is believed to take place in ejecta of CCSN (Dwek 2016; Slavin
et al. 2020). The analysis of young remnants pointed out that the aftermath of
the explosion can produce up to ~0.4 M, of dust (e.g., SN1987a, Matsuura et al.
2011). Similar values, summing the silicates and carbon contribution, were recently
reported for the supernova remnant Cas A (0.4-0.6 Mg, De Looze et al. 2017), while
~0.22 M, was reported for the Crab nebula (Gomez et al. 2012). Type Ia SN should
be also efficient producers of iron (Nozawa et al. 2011), formed in the innermost part
of the explosion region of a white dwarf which exceeded the Chandrasekhar limit.
However, iron dust from SN type Ia has been calculated to be readily destroyed by
the SN reverse shock, therefore returning into gas phase (e.g., Gomez et al. 2012).
In summary, the late stage of the star life is fundamental in the dust and gas cycle in
the ISM, providing an efficient way to newly produce interstellar material.

In the following, we describe the general properties of the cold ISM, in
particular focusing on those aspects interesting for X-ray investigation. This will
be necessarily concise. Then we illustrate the phenomenology of the ISM as seen
by the current X-ray instrumentation. This is followed by a more quantitative
description of the physical processes involved. A part of this chapter describes
how new models for interstellar dust modeling are developed: from the laboratory
measurements to the implementation into fitting routines. For clarity, we treat
separately the ISM extinction as seen from high-resolution X-ray spectroscopy and
dust scattering, studied with CCD imaging. At the end, the state of the art of our
current understanding of the ISM from the X-ray point of view can be found,
followed by an outlook on future missions.

The Cold ISM

The spiral arms pattern in our Galaxy may be recovered from the study of the
distribution and properties of the neutral hydrogen emission (Levine et al. 2006), the
H 11 distinct regions, and molecular clouds, highlighted by H, (Levine et al. 2006;
Kalberla et al. 2007). The scale height of the disk occupied by diffuse emission
changes considerably with distance from the center, going from 0.15kpc in the
central regions up to ~2.2kpc at the outer end of the Galactic profile traced by
neutral hydrogen (~35kpc, Kalberla and Kerp 2009). The column density of the
neutral hydrogen changes widely in the Galaxy and typically spans more than two
orders of magnitudes, around the range ~10?9~22cm~2. Extreme values at both
ends of this interval can be found. As soon as the H1 column density exceeds
~4 x 10?9 cm™2, the diffuse medium may superimpose with the colder, molecular
medium, mainly traced by the CO molecule (Combes 1991; Dame et al. 2001).
Contrary to the diffuse medium, the distribution of molecular material is clumpy.
Often warm clumps lie at preferential longitudes, overlapping with the H I1 regions
population, following the spiral structure (e.g., Solomon et al. 1985). The cold
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phases of hydrogen witness therefore both the star formation and the release of the
interstellar material in the diffuse medium. Out of this reservoir comes the material
for new stars and planets formation.

Interstellar Dust

Intertwined with the cold gas is the dust phase, which constitutes about 1% of the
total ISM (Whittet 2003; Boulanger et al. 2000). The presence of solid dust particles
has been soon recognized, as the abundance of certain elements, measured from
UV absorption lines, appeared significantly sub-solar (e.g., Savage and Sembach
1996). Abundant elements, like carbon, oxygen, and iron, appeared significantly
depleted from the gas phase, indicating that they should be present in another form,
for example in dust grains. The depletion of a given element x can be denoted as
D(x), as (e.g., Whittet 2003):

D(x) = log |:]JVV_;;1| —log [&} . D
o

This can be simply transformed into the fractional depletion (x):
S(x) =1—10P® )

where 6(x) = 1 indicates that the element is totally included in dust, while if
the element is only in gas form, §(x) = 0. The depletion value is a function of
temperature (Savage and Sembach 1996) and, as a consequence, of the environment
where the element resides. In general, the denser and colder the environment, the
more depleted an element Jenkins (2009).

A large amount of observational multiwavelength (from radio to far-ultraviolet)
evidence on dust has been collected in the last decades, allowing the determination
of the general chemical composition of interstellar dust, its size, shape, and physical
characteristics.

The broadband spectral energy distribution (e.g., Compiegne et al. 2011), the
extinction curve (section “The Extinction Curve”), and detailed infrared (IR)
and far-infrared spectroscopy (e.g., Molster et al. 2010, and references therein)
determined that carbon and silicates should dominate the chemical composition of
dust. Carbon, produced in the aftermath of wind ejection from carbon-rich red-giant
stars, has historically been assumed to be in the form of graphite. The prominent and
ubiquitous extinction feature at 2175 A (Fig. 1) can be interpreted as coming from
small graphite grains, whose excitation energy would be consistent with the position
of the observed feature (Stecher and Donn 1965). However, the line-of-sight
broadening variations have been proposed to be due to the same type of excitation,
but from the polycyclic-aromatic-hydrocarbon (PAH) molecules (Draine 2003).
Graphite, in analogy with silicates, should also face a process of amorphization
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Fig. 1 Examples of observed extinction curves at different values of Ry. The data are related to
Herschel 36 (solid line), HD 48099 (dashed line) and BD+56 524 (dashed-dotted line) (Adapted
from Cardelli et al. 1989)

in the ISM. Therefore, amorphous carbon or hydrogenated carbon (HAC) has been
proposed as a possible candidate for the C reservoir (e.g., Compieégne et al. 2011;
Duley et al. 1989).

The inclusion of Mg, Si, Fe, and O into silicates has been proven through IR
spectroscopy. The 9.7 and 18 pm absorption features, seen in the environment of
oxygen rich stars, have been indeed interpreted as the stretching and bonding modes
of Si—O and O-Si-O, respectively (e.g., Draine 2003; Molster et al. 2010).

The amount of iron and magnesium inclusion in the silicate depends on the initial
conditions in the giant-star winds where they were formed (Gail 2010, for a review).
As the gas flows farther from the star and temperatures decrease with distance, the
first dust particles can be formed by condensation, starting from Ti, at ~1500 K.
According to calculations assuming chemical equilibrium (Fig. 9 in Gail 2010), in
a circumstellar envelope Mg and Si should bind into olivine first ([Mg,Fe],Si04) at
around 1100 K. Then, in rapid succession, pyroxene ([Mg,Fe]p 5Si03 at 1000 K) and
metallic iron (at around 900 K) should form. This condensation sequence is indeed
noticed in high mass-flow rate stars (Molster et al. 2010). In this case, the crystalline
Mg-rich end of the olivine and pyroxene (Mg>SiO4 and MgSiO3, respectively) is
observed. The fraction of crystalline dust in those environment is relatively small
(10-15%, Molster et al. 2010). However, dust grains are often formed in a fast-



3620 E. Costantini and L. Corrales

cooling and evolving outflows, where the equilibrium conditions just described do
not apply. In non-equilibrium, when the temperature becomes lower than 900 K, the
dust forms preferentially amorphous aggregates, observed to be iron-rich (e.g., in
protostars, Demyk et al. 1999).

Both Mg and Si in solid form are almost completely included in silicates (Whittet
2003). However, the high depletion of iron (>90%) cannot be explained only in
terms of silicate inclusion (Jenkins 2009; Dwek 2016; Poteet et al. 2015; Zhukovska
et al. 2018). Iron can also exist in other stable forms, as metallic iron, iron oxides,
and iron sulfides (e.g. Zhukovska et al. 2018). The presence of metallic iron cannot
be directly observed at long wavelengths, as iron should not display any vibrational
mode (Molster et al. 2010), making it difficult to directly test the presence of this
iron form. It has been hypothesized that iron in FeS (with small inclusion of Ni)
could exist as inclusion into larger silicate grains, mainly formed by amorphous
enstatite. These aggregates are called Glasses with Embedded Metals and Sulfides
(GEMS, Bradley 1994). They are commonly observed in comets, and they are a
constituent of the interplanetary dust particle reservoir. Therefore, the majority (90—
99%) of GEMS particles should not have an ISM origin, but are believed to be
formed in the solar nebula itself (Keller and Messenger 2011). However, GEMS-like
grains may constitute a fraction of the amorphous silicate grains in the ISM. Indeed,
GEMS with anomalous oxygen isotopic composition may have been processed in
the ISM (Messenger et al. 2003). Recent detailed studies on cometary GEMS point
out that some must have undergone more than one stage of processing, in a cold
environment. The detected organic carbon in those GEMS would not indeed survive
in the hot environment (> 1300 K)) of the solar nebula (Ishii et al. 2018). The Cassini
mission, in orbit around Saturn, allowed the detection of dust grains consistent to
be reprocessed multiple times in the ISM. The composition has been found to be
dominated by magnesium-rich silicates with iron inclusion (Altobelli et al. 2016).

Lower abundance metals are often highly depleted (e.g., Jenkins 2009). For
example Al, Ca, and Ti, among the first elements to condense in the stellar envelope
(at T = 1400-1600K, Savage and Sembach 1996; Field 1974), are believed to
form the first and innermost core of more complex silicate grains (Clayton 1978).
This inclusion would provide a natural protection and would explain why the high
depletion of these elements is almost insensitive to the environment temperature.
Calcium carbonates have also been reported in spectra of envelopes of asymptotic-
giant-branch stars (e.g., Kemper et al. 2002). Another low-abundance element,
nickel, has a depletion pattern similar to the one of iron and a similar condensation
temperature (1336 and 1354 K, for Fe and Ni, respectively) suggesting a common
dust inclusion history. In equilibrium conditions, they should indeed condense into
nickel-iron in the stellar envelope (Gail 2010).

The temperature of the environments where dust resides has a profound impact
on the grain internal structure. In the inner part of the stellar outflow, the newly
formed dust is crystalline, thanks to the high temperatures (Gail 2010). However,
any dust formed at temperatures <900 K, will be the consequence of a disordered
aggregation, forming glass-like structures. Annealing, i.e., the process of reordering
the lattice internal structure, can only happen if the dust is again exposed to a high
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temperature for a sufficiently long amount of time. This is the case for comets, where
crystalline silicates have been detected (Hanner and Zolensky 2010, for a review).
Crystalline dust has been also associated with protoplanetary disks (e.g., Watson
et al. 2009). However, in the diffuse ISM, because of the low temperatures, dust
is observed to be mostly amorphous. From Spitzer observations along diffuse sight
lines, the amount of crystalline dust has been determined to be tiny: less than 2%
according to Kemper et al. (2004) or less than 5% (Li et al. 2007).

The Extinction Curve

The information given by the extinction curve, i.e., how the background star light
is attenuated by intervening material as a function of wavelength, help determine,
together with other properties, the dust size distribution (e.g., Tielens 2013). The
extinction curve is measured in terms of extinction ratio A, /Ay (Fig. 1), where the
extinction, measured in magnitudes, indicates how much of the star light is removed
when observing a background star. Thus, measuring the difference in extinction
between the observed star and the theoretical magnitude a star should have, given a
spectral type and luminosity class, provides the color excess:

E(B - V) = (B - V)observed - (B - V)intrinsic’ (3)

where B and V are the magnitudes in the blue (centered at 442 nm) and visual
(centered at 540nm) photometric bands, respectively. The value of the total to
selective extinction ratio Ry = Ay/E(B — V) is used to characterize the
environment (Fig. 1). The typical value for diffuse sight lines is Ry = 3.1, while
dense environments (e.g., star formation regions) show a larger value of Ry (Tielens
2013), resulting in a flatter extinction curve, where the value of Ay /A is less
sensitive to the wavelength.

The visual extinction Ay has been found to well correlate to the amount of
neutral hydrogen in the ISM, confirming that cold gas and dust are in general well
mixed. The relation between the amount of hydrogen, traced by the HLyx and
H; absorption, and Ay has been found to be Ng(em™2) ~ 1.87 x 10*' Ay (mag)
(Bohlin et al. 1978). This relation has been confirmed by subsequent comparisons
between extinction and both the HLyx (e.g., Whittet 1981) and the H121cm
line (e.g. Liszt 2014), albeit with slightly different slopes (Zhu et al. 2017, for a
comprehensive list of references).

Ever since the first X-ray missions were online (e.g., Gorenstein 1975), the
same trend has been confirmed using the hydrogen column density as measured in
the X-rays. Measurements of the hydrogen column density towards X-ray binaries
brought the relation: Ni(em™2) ~ 1.79x 1021 Ay (mag) (using the ROSAT satellite,
Predehl and Schmitt 1995). Further studies using X-ray binaries (Valencic and Smith
2015; Zhu et al. 2017), supernova remnants, and gamma ray bursts (Watson 2011),
observed with different X-ray instruments, including Chandra and XMM-Newton,
reported a steeper slope: Neg(em™2) ~ 2.08 — 2.87 x 10*' Ay (mag) (Gtiver and
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Ozel 2009; Foight et al. 2016; Zhu et al. 2017). These relations are affected by some
scatter, but all confirm the tight connection between gas and dust in the diffuse ISM
both along short (1-2 kpc, Bohlin et al. 1978) and long (up to ~14 kpc, Predehl and
Schmitt 1995) sight lines.

The Dust Size Distribution

The extinction curve (Fig. 1) cannot be explained by a single-size grain population,
but rather a distribution of sizes. One of the simplest formulation of the dust size
distribution prescribes that the number of grains (n) follows a power-law distribution
as a function of the grain radius (MRN distribution, Mathis et al. 1977):

n(@yda= Anya3da. 4)

This relation is valid for a = 0.005 — 0.25 wm. The term n gy is the number
density and A is a normalization factor, which assumes slightly different values
for silicates and carbonaceous grains. In particular, Ag = 1.73 x 107> and
Ac = 1.62 x 10723 cm?3 (Mathis et al. 1977; Mauche and Gorenstein 1986). The
MRN model is used in a number of applications, as it is a simple analytical function.
However, refinements and extensions of this model have been investigated. Zubko
et al. (2004), starting from the observational constraints of the extinction curve, the
diffuse IR emission, and the elemental abundance, describe the dust size distribution
for different chemical compositions. More than one solution in that study was
found to fit well the data, implying that additional limits from other observables
are necessary to constrain the dust size distribution models.

The small and large grain ends of the dust size distribution have been further
studied. The smaller grain inclusion has been presented in, e.g., Weingartner and
Draine (2001). For both silicates and carbonaceous grains, the lower limit on the
grain radius was extended down to 3.5 A, therefore including the contribution of
PAH (Tielens 2008) for carbon, missing from earlier formulations.

Studies of starlight, polarized as it passes the ISM through multilayered dust
clouds, help constraining instead the large grain population. Small grains do not
contribute significantly to the polarized light; therefore, they should be either
spherical or not aligned with the magnetic field (e.g., Draine and Fraisse 2009, and
references therein). The grains which polarize light are most probably prolate in
shape (i.e., an elongated rugby ball), whose smaller axis is mostly aligned with
the magnetic field, in a configuration that has been dubbed as “picket-fenced”
(Dyck and Beichman 1974). The mean radius of the polarizing grains has been
found to be near 0.1 wm, reaching up to 0.2-0.3 wm, depending on the line of sight
(Siebenmorgen et al. 2018).

One mechanism to form larger grains is by aggregating smaller grains (Hirashita
and Voshchinnikov 2014, and references therein). An indirect evidence of coagula-
tion come from the extinction curve, becoming flatter as the parameter Ry increases
(Fig. 1). This coagulation is expected to be disordered, resulting in aggregates with
voids, called “fluffy” grains.
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Attenuation of X-Rays by the Interstellar Medium

Evidence of the ISM influencing the observed X-rays from astrophysical objects has
been reported ever since the time of the first X-ray space missions. Both HEAO-1
(Charles et al. 1979) and Einstein (Schattenburg and Canizares 1986) attempted a
measurement of both the hydrogen and oxygen column density of the ISM towards
the line of sight of the Crab X-ray emitter. Fast-forward to this millennium, the
X-ray observatories XMM-Newton (Jansen et al. 2001) and Chandra (Weisskopf
et al. 2000) with their multiple instruments on board allowed us a much deeper
understanding of extinction in the X-ray band.

The intrinsic spectral shape of the X-ray background source appears attenuated
according to I (E) = Ip(E)exp(—Nnyo (E)) where I is the original spectral shape,
Ny is the column density, and o (E) is the energy dependent extinction cross section.
The total gas cross section at a given X-ray energy can be given by the sum of the
individual element contribution, weighted by its cosmic abundance, ionization state,
and depletion (Ride and Walker 1977; Wilms et al. 2000):

oot =Y Az xazi x (1 —Bzi) x 0z,. ©)
Z,i

For each element Z, A is the abundance, while « is the fraction of ions at ionization
i. The term (1 — Bz;) is the depletion of the ion i, defined as the ratio of the
gas over the total ISM material (gas and dust). Finally, oz ; is the individual ionic
cross section. The atomic cross section as a function of energy decreases in first
approximation as £ 3 (e.g., Band et al. 1990).

The elements represented by significant spectroscopic features in the X-ray band
are C, N, O, Ne, Mg, Si, and Fe. Absorption structures that even with lower
resolution spectrometers could be disentangled are the bound-free transitions from
the K-shell (and sometimes also from the L-shell). They can be simply described,
at E > Ey, by an “edge” function of the form exp(ro(E/Eo)’3), where E is the
threshold X-ray energy at which the electrons can be expelled from the shell and 7
is the absorption depth at energy Ey. Bound-bound transitions of neutral or mildly
ionized ions in the ISM can also be present as well as absorption by highly ionized
gas, described elsewhere in this volume. They clearly involve less energy than the
absorption edge of the same ion; therefore, they appear in the spectrum generally
at lower energies (or larger wavelength A = 12.3985/E, if A is expressed in A and
E in keV). In the ISM however, gas and dust always coexist in cold environments.
The effect of dust in an X-ray spectrum can be noticed in three ways: (i) depletion
of the gas phase into dust, resulting in an apparent underabundance of a given
element, namely the ones locked in dust (section “Interstellar Dust”); (ii) the effect
of X-rays interacting with solid particles, rather than gas, resulting in resonance
effects (section “The X-Ray Fine Structure”); and (iii) the effect of scattering of
the X-rays by the dust solid particles, which changes the overall cross section slope
as a function of energy (Draine 2003, and section “Correcting X-ray Observations
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Fig. 2 Transmitted X-ray spectrum as a function of energy and column density (Rogantini 2020)

for ISM Attenuation”). In Fig. 2, the effect of the cold ISM column density Ng
on a transmitted X-ray spectrum is shown. The smooth cut-off at lower energies is
due to long tail of the hydrogen deep absorption edge at 13.6eV. This curvature
can be accurately measured, especially by broadband X-ray spectrometers, and the
hydrogen column density determined (e.g., Kaastra et al. 2008). Albeit at a lower
level, also He, H 11 and H; contribute to the low-energy cut-off.

Dust Scattering from the ISM

X-ray scattering has been used to study crystalline structures in different materials
since the beginning of the twentieth century. The first time that this phenomenon
was brought to attention regarding X-ray propagation through the interstellar
medium was by Overbeck (1965), who noted that the apparent size of X-ray
sources should increase due to the presence of interstellar dust. The source should
then be surrounded by a round, diffuse halo. Hayakawa (1970) showed that this
phenomenon could be used to measure the distance, size, and composition of
interstellar dust grains. The first observation of a so-called dust scattering halo
was not achieved until over a decade later, around the bright high mass X-ray
binary GX 339-4, imaged with the Einstein Observatory (Rolf 1983). The first
survey of dust scattering halos was enabled by the launch of the ROSAT satellite,
which performed an all sky survey in the X-rays, revealing scattering halos around
25 bright point sources and providing benchmarks for scaling relations between
optical and X-ray extinction properties of the ISM (Predehl and Schmitt 1995).
Since then, dozens of dust scattering halos have been studied in detail, placing
constraints on the dust grain size distributions in the ISM as well as the location
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Fig. 3 The 4-6keV surface brightness profile of the dust scattering halo around Cygnus X-3. The
radial profile can be fit with a model of dust that is distributed uniformly along the line of sight
(gray solid line) or by assuming that the dust is concentrated in two dust clouds (dotted lines) at
intermediate distance between the observer and the X-ray source (black dashed line). The data
were gathered by the Chandra satellite (Modified from Corrales and Paerels 2015)

of dust clouds along the sight line to background Galactic X-ray binaries (see Smith
et al. 2002; Draine and Tan 2003; Costantini et al. 2005; Smith 2008, for canonical
examples).

Dust scattering halos are typically on the order of 10 arcmin in angular extent,
arise from dust approximately located at intermediate distances between the bright
X-ray source and the observer, and probe ISM regions with physical sizes on the
order of 1-30 pc along the line of sight. Figure 3 shows an example of the surface
brightness profile of the scattering halo that originated from the high-mass X-ray
binary Cygnus X-3.

The theory of scattering by small particles is covered in detail by a several text
books on the subject (van de Hulst 1957; Bohren and Huffman 1983). In the case
of X-rays, interstellar dust is relatively transparent to the incident radiation (|m —
1] « 1), where m denotes the complex index of refraction. Because the grains are
typically much larger than the wavelength of incident radiation, there is a minimal
phase shift when the light enters the particle Qmar~Ym — 1] < 1), where a is the
radius of the dust grain. These are the conditions required to apply the Rayleigh-
Gans approximation, yielding

2 2
Ogca = 2ra? (%) |m — 1|2.

By nature of the approximation, the differential cross section can be calculated
by assuming that the electromagnetic wave inside the dust grain is the same as
that incident upon it and integrating the scattered wave fronts from every part of
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the grain. For spherical dust grains, the differential scattering cross section can be
approximated with a Gaussian function (Mauche and Gorenstein 1986),

4
dowa _ 4a® (2ma m— 1exp _iﬁ '
as2 9 A 26

Here 2 is the solid angle and 6., is the scattering angle. Under the assumption of
small scattering angles, & can be approximated as

E \! a -1
o=104 — —_— arcmin.
keV 0.1 pm

This provides a sense of the halo angular extend for a single grain size (Mauche and
Gorenstein 1986).

An approximation for the dielectric response can be made by treating the dust
grain as a collection of free electrons, the “Drude approximation” (Smith and Dwek
1998):

nerek2

|m — 1| ~
2

where n, is the average density of electrons in the grain and r, is the classical
radius of an electron. Applying the Drude approximation yields the canonical X-
ray scattering cross section:

0 p 2 a \* /B2
~ 6.168 x 10~ =
Osea x cm (3gcm—3> <0.1 um) (keV)

where p is the material density of the dust grain and E is the energy of the
incident light, and it is assumed that the material contains roughly equal numbers
of protons and neutrons. In other words, this assumes n, ~ p/2m,. The energy
dependence of the cross section demonstrates that scattering is more important for
soft X-rays. The strong dependence on particle radius (a*) makes it so that the dust
scattering phenomenon is particularly powerful for constraining the large end of
the cosmic dust grain size distribution (Witt et al. 2001; Corrales and Paerels 2015;
Valencic et al. 2019). An important caveat to this point is that the Rayleigh-Gans
approximation breaks down as grains get larger (@ > 1 um) or as we look towards
very soft X-rays (E < 0.3keV). Smith and Dwek (1998) demonstrate that Rayleigh-
Gans scattering can be applied as long as the energy of the incident X-ray photon,
in keV, is significantly larger than the grain radius, in microns. When the Rayleigh-
Gans approximation no longer applies, one can employ the more general anomalous
diffraction theory or Mie scattering theory (section “Interaction of X-rays with
Dust Grains”). Doing so demonstrates that the scattering cross section for X-rays
is roughly flat for E(keV) < a(pm), and no longer follows the canonical E -2
dependence (Smith and Dwek 1998; Corrales and Paerels 2015).
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Fig. 4 Illustration of the geometric principles used to compute the dust scattering halo intensity
under the assumptions of single scattering. The positions of two dust clouds are represented by the
blue and green planes along the line of sight between a telescope and an X-ray source, separated by
a total distance D. The apparent angular distance between the point source and dust-scattered light
is represented by Oops. In order for scattered light to reach the observer, it must fall onto the angle
Osca, Which equals Ogps/(1 — x) under the small angle approximation. In the case that the X-ray
source undergoes a bright outburst, the observer will see scattering from dust that lies along equal
path lengths, represented by the ellipsoid in the illustration. Where the ellipsoid intersects the dust
clouds, a ring pattern is observed, growing in angular size with time (Adapted from illustrations by
S. Heinz)

To model the surface brightness profile of the resulting scattering halo image,
one must integrate the differential scattering cross section over the interstellar dust
grain size distribution while accounting for geometrical effects of the sight line.
Figure 4 demonstrates the layout of the problem and defines fundamental parameters
such as the dust fractional distance, x = d/D, where d is the distance to the dust
particle and D is the distance to the background X-ray source. Employing small
angle approximations, the integral can be written as

) 1 E E, a, 6 nqgla 5 X da dx. 6
Q 60bS i a lQ sca d

Here it is also assumed that the sight line is optically thin; therefore, only one
scatter occurs before reaching the observer. In Eq. 6, F, is the absorbed (apparent)
flux of the background X-ray source after the effect of ISM absorption, ng is
the grain size distribution (assumed to be the same everywhere along the sight
line), £(x) represents the density distribution of dust along the sight line, and the
differential scattering cross section must be evaluated for the appropriate scattering
angle, Osca = Oobs/ (1 — x). Various approximations and semi-analytical solutions
for the scattering halo intensity profile can be found in the literature (Mauche
and Gorenstein 1986; Draine 2003; Corrales and Paerels 2015). The scattering
halo integral above also assumes azimuthal symmetry of both the dust clouds
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(on 10s of pc scales) and the differential scattering cross section, the latter of which
only holds true for spherical particles. For non-spherical particles, employment of
anomalous diffraction theory demonstrates that the resulting dust scattering halo
image can range from ellipsoidal to a nearly diamond shaped pattern, depending on
the elongation and relative degrees of alignment among the dust grain population,
induced by the presence of a magnetic field in the ISM (Draine and Allaf-Akbari
2006).

Time Variable Scattering

In the majority of cases, dust scattering halos are treated as static — a common
approximation that reduces the complexity of the problem. However, in reality, dust
scattering halo images are time variable because there is a path-length difference
between the scattered light and non-scattered light. The image arising from a
steady, unchanging point source can be referred to as a “static” or “quiescent”
dust scattering halo. If the source of X-ray light undergoes a rapid high fluence
outburst, ring images will be produced as the light from the flare propagates
through interstellar clouds (Fig.4). The surface of equal time delay as the X-ray
wave front propagates through the interstellar medium is an ellipse, and each dust
cloud intersecting that ellipse produces a separate ring. As the ellipsoidal surface
grows with time, the angular sizes of the ring echoes also increase with time. This
phenomenon is often referred to as a dust scattering echo or dust ring echo. The
first dust scattering echoes were observed as a result of the X-ray afterglows from
extragalactic gamma ray bursts, which scattered off of local Galactic dust, producing
ring images that were resolvable by both XMM-Newton (Vaughan et al. 2004;
Tiengo and Mereghetti 2006) and the Neil Gehrels Swift Observatory (Vaughan
et al. 2006; Vianello et al. 2007).

Dust scattering rings can be used to (i) measure the distance to the X-ray source,
given the line-of-sight distribution of dust and knowledge of the X-ray light curve
(Heinz et al. 2015); (ii) measure the line-of-sight dust abundance (ISM tomography),
given full knowledge of the distance and X-ray light curve of the background source
(Heinz et al. 2016); or (iii) estimate the time and fluence of an X-ray burst, given
knowledge of the line-of-sight dust position and abundance. The interplay among
all these parameters is described by the time delay (6¢) associated with a particular
observation angle (6obs, the angular distance between the central point source, and
the observed scattering image) (Triimper and Schonfelder 1973):

2
St = 2 xeobs
2c(1—x)’

using the geometry described in Fig. 4. In the case of ring echoes originating from
extragalactic sources, x < 1, so the distance to the dust clouds can be measured
directly from the angular size of the ring echoes. Following from the dust scattering
halo integral above, the surface brightness profile for a dust ring echo is
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Xmax d
U;;a (E, a, Osca) nd—(a) da dx,

d (Xmax — Xmin)

dl Amax
E(Eveobs,t)z - F,(E,t—6t)

Xmin

where 8t and 6., are a function of x, and it is assumed that the dust cloud with
an abundance and grain size distribution described by n; is uniformly distributed
between xmin and xmax.

Even slow changes in an X-ray light curve can lead to measurable differences
in a dust scattering halo surface brightness profile as a function of time, which can
be used to constrain the distance to the X-ray emitting source (or inversely, the
position of the dust). The first distance measurement obtained in this way was for
Cyg X-3 (Predehl et al. 2000). Data-driven methods of studying distances and line-
of-sight positions of dust clouds include cross-correlation between light curves from
an annulus centered on 6,5 and the light curve of a central point source (Ling et al.
2009) and de-convolution of the dust scattering halo image as a function of time
using the predicted scattering halo intensity profile as a kernel (Heinz et al. 2016).
Both methods can potentially be used to study dust scattering halo variability at a
lower contrast than that typically seen for ring echoes.

The X-Ray Fine Structure

The photoelectric effect describes the interaction of an incoming photon and the
electrons in the atom. As the energy of the photon equals the binding energy of
the electron, it is ejected from the atom with kinetic energy equal to £ — Ej,
where E is the incoming photon energy and Ej is the electron binding energy.
The X-ray photon energy is sufficient to remove electrons from the innermost
levels (K, L, M). The resulting spectroscopic feature displays first a sharp drop
at the energy corresponding to the electron binding energy; then the probability
of the effect to take place decreases exponentially, as the material becomes more
transparent to photons with energy larger than the threshold one, creating a
characteristic sawtooth feature.

Absorption Fine Structure

If the X-ray photons interact with solid particles, rather than gas, additional effects
take place, creating the spectral features of EXAFS (extended X-ray absorption
features) and XANES (X-ray absorption near edge structures), called collectively
XAFS (X-ray absorption fine structure). The basic mechanism is illustrated in Fig. 5.
The incoming photon interacts with the electron in the shell. The electron can be
described as a wave that interacts with the neighboring ones, creating positive and
negative interference. This diffraction pattern depends on the number of electrons
and their distance to the nucleus, therefore revealing the chemical bonds in the grain.
XANES appear as sharp features in the vicinity of the threshold energy, and they are
the result of multiple backscattering from the neighboring atoms, while EXAFS,
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Fig. 5 Left panel: in a gas, the incoming X-ray photon will remove one of the inner orbit
electrons to the continuum, without further interaction. The resulting cross section has a sawtooth
shape, starting at Ey, the binding energy of the removed electron. Right panel: In a solid, the
photoelectron wave of the removed electron interacts with the ones of the neighboring atoms,
adding a characteristic interference pattern to the photoelectric cross section. The regime of
features near Eq (pink shade and arrows in the insert) is called XANES, due to multiple scattering
among the atoms, while the structures farther from E( are dominated by single scattering (EXAFS,
green shade and arrows in the insert) (Figure adapted from Zeegers 2018)

which are lower amplitude and broadened features, are visible at energies above
50-100¢eV the threshold energy. They are the result of a single backscatter from the
neighboring atoms.

Scattering Fine Structure
By the fundamental nature of dielectrics, an absorption resonance also yields a scat-
tering resonance. As a consequence, the Rayleigh-Gans approximation also breaks
down near the n = 1 (K shell) and n = 2 (L shell) photoabsorption features that are
used to probe the metals comprising interstellar dust. More exact calculations for the
scattering cross section, via either anomalous diffraction or Mie theory, demonstrate
that every K and L shell absorption resonance has a complementary decrement in
scattering efficiency (Martin 1970). This X-ray scattering fine structure (XSFS) sig-
nature affects the spectral shape of dust scattering halos as well as the apparent shape
of photoabsorption, due to the contribution of dust scattering to the total extinction
through the ISM (Hoffman and Draine 2016; Corrales et al. 2016). This fact makes
it so that XSFS can also be investigated through direct high-resolution spectroscopy
of point sources (section “Interaction of X-rays with Dust Grains” and Fig. 8).

A dust scattering halo spectrum, when compared to the central point source,
provides a direct measurement of the scattering opacity from dust in the ISM via
the equation

(&)
Tsea = In +1 @)

ps
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where Fj, is the spectrum of the halo and F) is the point source spectrum after
the effects of all sources of line-of-sight extinction. Using this method, the first
detection of XSFS from a dust scattering halo was that around the low mass X-ray
binary Cyg X-2, where the strength of the O K shell resonance is strong enough to
become apparent in low-resolution spectra (Costantini et al. 2005). With sufficient
resolution, XSFS may be used to discern the mineralogy of dust (Fig. 6, inset).
As with dust scattering halos, the exact profile of XSFS depends on a variety of
factors including grain size distributions, shape, and alignment (Hoffman and Draine
2016). The contribution of XSFS to apparent extinction is also dependent on the
shape of the complementary scattering halo surface brightness profile and the spatial
resolution of the X-ray spectrograph (Corrales et al. 2016). Finally, the broadband
spectral energy distribution of a dust scattering halo is also affected by the dust grain
size distribution. In the example shown in Fig. 6, extending the MRN distribution
to a grain size of 0.5 wm enhances scattering and changes the shape of the dust
scattering opacity curve so that it flattens at higher energies than the typical MRN
distribution.

Si K shell XSFS

****** O~ —]

= D03 Silicate
Z17 Olivine

—— Z17 Enstatite
Z17 Am Pyroxene

Tsca (@rbitrary units)

—— Silicate (amax = 0.3 um)
---- Silicate (amax = 0.5 um)

100 10!
Energy (keV)

Fig. 6 A demonstration of X-ray scattering fine structure (XSFS) computed for a power-law
distribution of spherical dust grains, using the optical properties for silicates produced by Draine
(2003). Extending the MRN distribution to larger grains (dashed line) causes a departure from
the £~2 dependence, characteristic of Rayleigh-Gans scattering, at a higher energy compared to
the standard MRN distribution (solid line). The normalization for each curve has been scaled for
ease of comparison The inset shows XSFS around Si K in more detail. The laboratory-derived
optical constants from Zeegers et al. (2017) were used to compute the XSFS for several astrosilicate
candidate materials
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Correcting X-ray Observations for ISM Attenuation

When correcting X-ray observations for attenuation by the foreground ISM, it is
important to separate the contributions from the gas phase (pure absorption) and
the solid phase (dust absorption and scattering). It has been demonstrated that not
including dust scattering in X-ray spectral models can yield different conclusions for
the physical properties derived for the underlying source emission, such as the disk
black-body temperatures in X-ray binaries, on the order of 30-50% (Smith et al.
2016). The modeling techniques for dust attenuation will depend on geometrical
effects, including the relative distances between the dust and X-ray source, grain size
distribution, and imaging resolution of the spectroscopic instrument (Corrales et al.
2016). Figure 7 describes the decision-making process for including dust scattering
effects when evaluating an astronomical spectrum of interest.

Intermediate (ISM, IGM) Where is Intrinsic to the source
the dust?

Is the angular size of Safely ignore dust No Do you worry about
the dust cloud less scattering < clumpy dust clouds
than 5 arcsec? __ . gas dust in your source?

Text — Tuln« T abs

Use idealized extinction models

Yes
e T lust dust
Does your Text = ll)'\ + T(lha 1 T\( a
telescope have
high imaging
resolution Apply a partial covering factor
(PSF width < 5")? N et et
gas dus’ dus
‘ Text — .|,., r Tabes aF (1 = f('l>\')T.-l'n
No Do a full dust scattering calculation
5 (Mie or ADT)
1 1
Text = Thoa + Taba + (1 = fi)see

Fig. 7 Decision tree describing when and how to include dust scattering when fitting spectral
models for a point source obscured by cool gas and dust, based on the scenarios described in
Corrales et al. (2016). In each spectral model, the attenuation by gas and dust is broken down
into three component: the opacity from gas absorption (Tabs) the absorption component from dust
(rfg‘:‘) and the dust scattering optical depth (rfc‘jf‘). Dust that is intrinsic to the X-ray emitting
system, but does not fully cover the X-ray source, contributes a fraction of the total dust scattering
opacity towards extinction, according to the covering factor fy. Dust that is intermediate along the
line of sight may require a full dust scattering halo calculation if the telescope imaging resolution is
worse than 5-10". In this case, the user will need to determine what fraction of the scattering halo is
enclosed by the image region used to extract a spectrum ( f;,). Any modelers that wish to examine
the effects of non-standard (e.g., MRN) dust grain size distributions that include a contribution

from large >0.3 wm grains will need to do a full scattering halo calculation
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Laboratory Measurements of Solid Particles

In order to interpret X-ray astronomical data, a comparison with reliable dust models
is necessary. Thanks to experimental measurements campaigns, targeted specifically
at analogues of interstellar dust materials, absorption profiles have been obtained
of a number of X-ray edges: FeL (Lee et al. 2009; Westphal et al. 2019), OK
(Psaradaki et al. 2020), Al K (Costantini et al. 2019), Mg K (Rogantini et al. 2019),
SiK (Zeegers et al. 2017, 2019), and Fe K (Lee and Ravel 2005; Rogantini et al.
2018).

Depending on the edge energy and the measured sample thickness, different
facilities and techniques are necessary in order to obtain the absorption profile.
For the works cited here, the measurements were performed using synchrotron
beamlines (with transmission and fluorescence techniques) as well as electron
energy loss spectroscopy (EELS).

Transmission

A polychromatic synchrotron light beam is converted, through a monochromator,
into a monochromatic energy beam (Ip) that interacts with the specimen. The
outcoming radiation (7) is attenuated according to the Beer-Lambert law:

I = lpexp(—tu), 3

where ¢ is the thickness of the material and w is the absorption coefficient, which
depends on the atomic (Z) and mass number (A) of the sample as well as the incident

energy (E) and the density of the sample (p) according to u ~ Z—Z (Newville
2014).

Fluorescence

With this technique, the secondary effect of the photoelectric effect of fluorescence
is measured (Newville 2014). As fluorescence photons are emitted at specific
energies, this information can be used to recover the absorption profile. The
absorption coefficient (E) can be approximated as I/Ip, where I is again the
incident intensity and I is the measured intensity of the fluorescent emission.

Electron Energy Loss Spectroscopy

With this technique, the specimen is targeted by a beam of monochromatic electrons.
The Coulomb interaction depends on whether the electrons interact with the nucleus,
with peripheral electrons or with tightly bound electrons. In the last case, an inelastic
scattering event occurs, which implies an exchange of energy. The incoming
electron beam then loses energy depending on the binding energy of the atoms in the
target, producing a spectral energy distribution, characteristic of the material. The
outcoming kinetic energy of the electrons mirrors the absorbing part of the dielectric
function (Egerton 2011).
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The attenuation of a beam through a medium can be described by Eq. 8. As
the absorption profile of the material has been extracted, it will present as in Fig. 5
(right panel), with XANES features near the edge and EXAFS features at £ >
50 — 100eV from the inset of the edge. The latter can be expressed in analytical
terms (e.g., Teo 1986). The function y represents the superimposing sub-structures
to the photoelectric edge shape:

E) — E
X(E)zw 9)
n

where o is the absorption coefficient of the smooth underlying continuum
(Newville 2014). The function x(E) is normalized by the edge jump at Ey
(Fig.5), through the term Au. The technique to analyze EXAFS prescribes first

a representation of x into the wave number space k = /%. Then, using

the fact that the frequency of the EXAFS features depends on the distance of
the absorbing atom and the neighboring scattering electrons, a Fourier transform of
X (k) would show a photoelectron scattering profile as a function of the distance. The
detection of reliable EXAFS, which are shallow and broadened spectral features,
is however strongly dependent on data quality. While at a synchrotron facility a
detection may be achieved, in an astronomical context, EXAFS are not regularly
observed. Signal-to-noise ratio of the data is the main limiting factor. In addition,
a spectrum of an astronomical source may display many different features, from
both intrinsic and intervening gas that would blend with the EXAFS, confusing
the extraction of the signal. On the contrary, XANES, thanks to their sharpness
and relatively high amplitude, can be well detected also in an astronomical X-ray
spectrum (Fig. 5). The technique to treat the multiple scattering process in a material
is not straightforward as for EXAFS and has been limited in the past by the heavy
calculation required in following the scattering paths (Rehr and Albers 2000, for a
review). Calculations are implemented in ab-initio codes, e.g., FEFF (Ankudinov
et al. 1998) or Quantum Espresso (Giannozzi et al. 2009), among others, that
provide comparable results with experimental data (e.g., Takahashi et al. 2018).

Implementation to Astrophysical Models

Once the intensity profile of a material has been obtained, it needs to be post-
processed to be adapted to be part of an astrophysical model. Here we consider
the case of a specimen observed in fluorescence by the LUCIA-beamline at the
Soleil synchrotron facility. This description closely follows the procedure adopted
in Zeegers et al. (2017, 2019), Rogantini et al. (2019), and Costantini et al. (2019).
Some instrumental effects should be first taken into account. One of these effects
is pile-up, which occurs when two or more photons are recorded at the same time,
resulting as one photon with double the energy. The result is a spurious line feature
that can be easily corrected for. If the sample is sufficiently thick, self-absorption
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in the sample will cause the fluorescence intensity to be visibly attenuated (Zeegers
et al. 2017). Several empirical methods can be used to correct for this effect (Stern
et al. 1995; Booth and Bridges 2005).

Usually, multiple fluorescence observations are performed on the same specimen.
If the data quality allows it, these are added to increase the signal-to-noise ratio
of the measurement. These data are then inverted to mock a transmission profile.
The pre- and post-edge are then fitted to a theoretical profile of known thickness
(typically T = 0.01 pm). The values tabulated starting from Henke et al. (1993)
provide an excellent resource to compute, in first approximation, a transmission
profile of a given material of known composition, density, and thickness.

The obtained profile is related to the imaginary part k of the refraction index
m = n + ik. The optical constants n and k are unique signatures of a material.
Sometimes they are expressed with a different notation, e.g., as dielectric functions,
€1 and &, (Draine 2003), or as atomic scattering factors fi and f>. If the incident
radiation has a wavelength A larger than atomic dimension, or if the scattering angle
is small, f1 and f, are then not dependent from the scattering angle (Henke et al.
1993). Optical constants and scattering factors can be easily transformed into one
another (see Rogantini et al. 2018):

PNaro

n(E)=1- x2f (E), (10)

2
PNar 0,
2w A

k(E) = 2 fr(E). (11)

Here p is the density of the material, N4 the Avogadro number, r( the electron
radius, A the atomic mass, and A the wavelength of the incoming radiation. The
atomic scattering factors depend on one another according to the Kramers-Kroning
relations (Kramers 1926; Kronig 1926). Therefore, the real part of the refraction
index can be derived (Watts 2014; Henke et al. 1993):

fUE) =2 == fo ng(SE)Z (12)

where Z* can be approximated as
7"~ 7 —(Z/82.5)%7. (13)

The factor Z* is a small relativistic modification of Z, in a high-energy photon
limit (Cromer and Liberman 1970). This reduction in Z is only relevant for high-
Z elements. As observed for instance in Henke et al. (1993), Eq. 12 displays a
discontinuity when ¢ = E. Furthermore, a true atomic scattering factor needs in
principle to be defined at all energies, while experimental energy ranges are in fact
limited. Recently, the use of a piecewise Laurent polynomial algorithm proved to
offer an accurate description near the edge (Watts 2014), avoiding the requirement
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of an infinite coverage in energy or an homogeneous binning of the data. The real
and imaginary parts of the refractive index are a necessary input to calculate the
scattering and absorption efficiency in the interaction between the incoming X-rays
and the dust particles.

Interaction of X-rays with Dust Grains

The interaction of a set of plane parallel electromagnetic waves with a spherical
particle is described by the Mie theory (Mie 1908), when the size parameter X =
2ma/X does not exceed 2 x 10* (Bohren and Huffman 1983). In this relation, X is
the wavelength of the incident radiation and a the radius of the scattering sphere.
The spherical shape of the target allows to separate the solution into the radial and
angular dependence, in a form of infinite series of spherical multipole partial waves.
The solutions are the scattering (Q) and extinction efficiency (Q.). The absorption
efficiency is simply given by O, = Q. — Q;. The relative cross sections relate to
the efficiency through the size of the particle C = Qma?.

Conditions where the size parameter X was much larger were not initially
foreseen in Mie theory codes (e.g., Wiscombe 1980). However, a large value of
X can occur in various astrophysical contexts (Wolf and Voshchinnikov 2004, and
references therein). Subsequent implementations allowed to include arbitrarily large
values of X (MieX, Wolf and Voshchinnikov 2004), either to be able to model
scattering from very large grains or take into account very short wavelengths.

When the particle size is much larger than the wavelength, the van der Hulst’s
Anomalous Diffraction Theory (ADT, van de Hulst 1957) provides an analytical
approximation:

0, =2 Zsin(p) + (1 - cos(p)). (14)
p p

where p = 4mwa(n — 1)/1 and n is the ratio between the refractive index inside
and outside the sphere. This approximation is only valid if 7 does not deviate
significantly from unity, indicating that the refractive index in the sphere is not very
different from the ambient space, causing only a small shift of the outcoming wave.
In the X-ray range, both the Mie theory (especially the latest implementations) and
the ADT can be used. In particular, Draine and Allaf-Akbari (2006) showed that for
E > 60eV and a > 0.035 um(ﬁob?v), silicate grains can be safely treated using the
ADT approximation.

In the ISM, grains are not spherical, but rather porous and elongated. The
effects of geometries different than spherical (e.g., spheroids) have been explored in
Hoffman and Draine (2016), using an extension of ADT (GGADT, Hoffman et al.
2015). Different types of disordered aggregates (ballistic aggregates, BA) mimic
different degrees of porosity, as defined in Shen et al. (2008). While the extinction
cross section for spheroids does not undergo significant changes with respect to
spheres, BA may show an increased absorption cross section near the edge features
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(Hoffman and Draine 2016). This effect appears more important for edges at low
(E < 1.3keV) energies and become less visible for, e.g., the SiK and Fe K edges.
The extinction cross section can be calculated for a range of energies and grain
radius, via the size parameter X. As in the ISM X-rays interact with a variety of
grain sizes, rather than a single one, a grain size distribution should be applied
(section “The Dust Size Distribution”). In Fig. 8 (left panel), a comparison between
the MRN size distribution and a distribution with sizes ranging in the interval 0.05—
0.5 pm is shown. In this example, the large grain distribution follows the same
power-law shape as prescribed in the MRN model. The modulation of the region
at the longer wavelength side of Eg (XFSF, section “The X-Ray Fine Structure”),
due to the scattering term n in the refraction index, is therefore sensitive to the
grain size distribution, while the absorption pattern, at shorter wavelengths, is not
significantly affected in shape. Absorption however is slightly less efficient as a
function of grain size, as can be seen in the post-edge of Fig. 8 (left panel). When
modeling the transmission of a smooth continuum source through interstellar dust,
the characteristic dip in scattering efficiency near a photoabsorption feature can
mimic the appearance of an emission feature, while it may be in fact the sign of
large grain contribution to the extinction (Zeegers et al. 2017; Rogantini et al. 2019).
The central panel of Fig.8 shows the difference in the profile of the cross
section between an amorphous and a crystalline material (olivine in this case). The
XAFS of the amorphous material will appear smoother, depending on the degree
of amorphization of the material (Zeegers et al. 2019). This smoothing is due to
the disordered organization of the atoms in a glassy material. The XAFS near the
absorption edges can provide direct information on the chemistry of the intervening
matter (Fig. 8, right panel). Here the absorption profile of olivine (FeMgSiOy) is
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Fig. 8 Impact of different grain properties on the shape of the absorption or extinction cross
section. Left panel: the effect of large grains on the extinction cross section is to enhance the
scattering peak. Here an MRN distribution (red line) is compared with a distribution shifted towards
larger grains (blue line). Center Panel: the degree of crystallinity in a grain may be visible in the
absorption cross section. The disordered organization in the lattice causes the absorption features to
be smeared out (yellow line). Right panel: different electron configurations entail a different XAFS
pattern (section “The X-Ray Fine Structure”). Here olivine (MgFeSiOy, black line) is compared
with a pyroxene (Mg 75Fe.25S103, purple line) (Courtesy of S. Zeegers)
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compared with a pyroxene (Mgo.75Fe.255103). Both the amplitude and the position
of the XAFS serve as a chemical composition diagnostics (see Zeegers et al. 2019,
for more examples in the silicon region).

Finally, once the extinction cross section has been calculated, it can be imple-
mented in any spectral fitting program, such as XSPEC (Arnaud 1996) and SPEX
(Kaastra et al. 1996).

Scattering and Absorption of X-rays: The State of Art

Ever since the scientific investigation of the ISM began, gas and dust have been
observed at all wavelengths. The study of ISM in the X-ray band has been hampered
in the past by instrumental limitations, while at longer wavelengths a significantly
better energy and spatial resolution allowed a deep understanding of the ISM
properties. The X-ray band however offers several advantage points. In particular:

(i) The broadband energy coverage (0.1-10keV) of present X-ray observatories
encompasses a variety of transitions, from neutral to highly ionized gas, of the
fundamental metals in the Universe: C, N, O, Ne, and Fe, among others. On the dust
observation side, the X-ray band covers all the features pertaining to the major dust
constituents. The photoelectric edges of neutral C, O, Mg, Si, and Fe fall in the X-
ray band. While other elements can be relatively easily investigated, carbon can be
at the moment only reached by the LETG spectrometer on board of Chandra. This
spectral region however is complicated by instrumental effects that make the study
of the astronomical carbon edge challenging (e.g., Schneider and Schmitt 2010).

(ii) Transmission spectra in X-rays can be obtained from a large range of column
densities (logNy (cm™2) = 20 —23). Provided a bright X-ray source behind an ISM
layer, the large penetrating power of X-rays allows the investigation of a variety of
environments of our Galaxy, from the tenuous diffuse medium to molecular clouds
(Fig.2). The diffuse medium, from an X-ray point of view, includes a range of
column densities, logNy(cm™2), of about 20-21.7. In this regime, the oxygen K
and iron L edges are well visible at low energies. As the column density increases
(logNy (cm™2) ~21.7-22.7), the soft X-ray edges become more absorbed, and they
are eventually lost into instrumental noise. At the same time, the Mg and Si K edges
become prominent. At these column densities, a variety of environments can be
sampled: from extended or low density molecular clouds to far away lines of sight
that cross more than one Galactic arm, for example, towards the Galactic center.
Finally, X-rays can also access highly absorbed lines of sight (logNyj(cm™2) ~23),
corresponding to Ay ~50. At this moment however, the deep iron K edge at 7.1 keV
(Fig.2) cannot be characterized, due to the still moderate energy resolution and
sensitivity of the current instruments in this spectral region (e.g., Rogantini et al.
2018).

(iii) The gas and the dust components of the cold phase of the ISM can be
studied along the same line of sight, giving a direct information on depletion and
abundance of a given element. This is especially true for oxygen, whose O 1s —2p
prominent transition at ~23.5 A, lies next to the O K photoelectric edge at ~23.3 A
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(Gatuzz et al. 2014; Psaradaki et al. 2020). For other elements included in both gas
and dust, modeling can be more complicated, as the gas transitions may lie in the
same energy range of the edge structure (e.g., the iron L edges at 17.1 A, Costantini
et al. 2012). In some situations, there may be no very prominent gas transitions (e.g.,
near the Si edge at 6.74 A, Rogantini et al. 2019).

(iv) The two components of extinction, i.e., scattering and absorption, may be
investigated along the same line of sight. Both imaging and spectroscopy can
indeed provide information on the dust chemistry, grain size distribution, and dust
clumpiness along the line of sight (Corrales et al. 2016).

(v) Finally, many of the bright X-ray sources in the Galaxy are located along the
plane (|b] < 12deg, Predehl and Schmitt 1995). This provides a very effective
sampling along different lines of sight where most of the cold phase of the
ISM resides. Low-mass X-ray binaries, thanks to their almost featureless intrinsic
broadband spectrum, are the sources most suitable for dust studies. High-mass X-ray
binaries and supernova remnants display a spectrum rich of emission lines over
a broad energy interval. This hampers, in general, the detection of the dust fine
structure close to the absorption edges.

Dust modeling from the X-ray point of view aimed at first at confirming the
findings obtained at long wavelengths. However, given the complementary and the
advantages provided by the X-ray properties of the ISM, results have also challenged
the common knowledge built up so far. Here we try to summarize our current
understanding of dust from the X-ray side.

Chemical Composition

The strength of the X-ray band is to display, for a given column density, at
least two visible absorption edges in an absorbed spectrum, potentially belonging
to silicates. This allowed the study of these materials along lines of sight with
different column densities. The studied sources, sometimes revisited with different
instruments (namely, the XMM-Newton-RGS, Chandra-LETG and Chandra-
HETG grating spectrometers), are in general X-ray-bright low-mass X-ray binaries
(Flux(2 — 10keV) > 102 ergem2s71).

From the study of both the individual edges and a simultaneous modeling of
the OK and Fe L edges, prominent in the diffuse medium, it has been reported the
presence of Mg-rich silicates both in absorption (Costantini et al. 2012; Psaradaki
et al. 2020; Valencic and Smith 2013) and from scattering halos (Costantini et al.
2005). Amorphous olivine does not seem to play a major role towards those studied
lines of sight. Valencic and Smith (2013) report, for example, a ratio of enstatite over
olivine of about 3.4. As seen in section “Interstellar Dust,” Mg-rich silicates would
be consistent with a chain of dust condensation events in equilibrium conditions
in a stellar wind. However, even under these conditions, amorphous olivine should
be present in significant amount. The GEMS-like particles, amorphous, and Mg-
rich silicates would be consistent with the X-ray results. In a dedicated experiment,
however, the iron-L edge of one sight line has been compared with real GEMS,
returned by the Stardust mission from the comet 81P/Wild 2 environment (Westphal
et al. 2019). The iron profile of GEMS turned out to be incompatible with the
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astronomical data of the ISM, indicating that cometary fine-grained material might
not be a proxy for interstellar dust.

The iron edges provide in principle a direct view of iron in the ISM. Given the
extreme depletion of this element, the edge shape is mostly determined by dust
absorption. Along diffuse lines of sight, the iron L edge has been found to be
dominated either by oxides (e.g., FeoO3) in a mixture of different silicates (Lee
et al. 2009) or metallic iron (Costantini et al. 2012) or FeS mixed with metallic
iron (Westphal et al. 2019). It must be noted however that different sets of dust
models were used in different works, especially for iron compounds. Therefore, this
apparent discordance in results may be still attributed to a difference in modeling
and completeness of the data bases.

Lines of sight characterized by a higher column density (logNg(cm™2) ~22.1—
22.9) has been more consistently studied in the recent literature, using the same
set of laboratory measurements for Mg and Si. The modeling of the SiK edge
alone (Zeegers et al. 2019) and the combined Mg and SiK edges (Rogantini et al.
2020) pointed to a different scenario with respect to the more diffuse medium. The
contribution of amorphous olivine has been reported to be dominant along these
lines of sight. Considering the high signal-to-noise ratio data in the samples of
source in Zeegers et al. (2019) and Rogantini et al. (2020, around 10 sources),
olivine has been deemed to contribute more than 60%, and up to 80%, to the total
dust budget for a given source. In Fig. 9 an example of Si absorption along the line
of sight of GX 3+1 is given. The majority of absorption is attributed to amorphous
olivine in this fit (Rogantini et al. 2020). Although the presence of olivine has been
determined with high confidence, it has to be noted that for relatively large values
of Ng, the iron L edges are inaccessible. Therefore, the simultaneous presence of
any metallic iron, iron sulfide, or iron oxides could not be tested.
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Fig. 9 Chandra-HETG data around the Si edge along the line of sight of GX 3+1. The best fit
(red line) is dominated by amorphous olivine (black line). Minor amounts of other types of dust
and neutral gas were also detected. The data are normalized for the continuum emission intrinsic
to the source (Adapted from Rogantini et al. 2020)
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Dust Size Distribution

The MRN dust size distribution has been often preferred in the modeling, by virtue
of its simple analytical form (section “The Dust Size Distribution”). By means of
high-resolution X-ray spectroscopy, indications of a deviation from this distribution
have been sometimes reported. Westphal et al. (2019) report a lower limit on
the size of larger grain contribution of @ > 245nm along the line of sight of
Cyg X-1. Zeegers et al. (2017) report an improvement of the fit towards GX 5-1 if a
distribution with a size range of 0.05-0.5pum is adopted. Although the scattering
feature in the pre-edge region can be a predictive tool for the dust distribution
(Fig. 8), in practice, its use may be hampered by several factors. Low signal to
noise in spectral regions that may be crowded with lines from the ISM may be
a contributing factor (e.g., Psaradaki et al. 2020). Sometimes instrumental features
may also confuse the picture (e.g., Rogantini et al. 2020). Finally, the scattering peak
strength is energy dependent (Hoffman and Draine 2016; Draine 2003); therefore,
some edges may not provide useful information.

Results from scattering halos indicate that the dust size distribution may not
be homogeneous from cloud to cloud. This can be quantified especially when
bright and well-defined scattering rings are present (section “Dust Scattering from
the ISM”). For instance, some intervening dust layers towards V404 Cyg, which
displayed a series of time variable rings in 2015, have been found to have steeper
dust size distributions with respect to MRN. A population of large grains was also
reported along this line of sight (¢ > 0.15um, Heinz et al. 2016; Vasilopoulos
and Petropoulou 2016; Beardmore et al. 2016). An upper limit of a < 0.4 um has
been found along the diffuse sight lines of sources within 5 kpc (Valencic and Smith
2015). Very large grains (with an upper limit of ~0.6 um) have been tentatively
suggested for a line of sight near the Galactic center (Jin et al. 2017). However,
given the variety of grain size distributions available in the literature, fitting 1-D
surface brightness profiles of dust scattering halos often yields inconclusive results
due to a degeneracy between the grain size and dust cloud location when modeling
the intensity profile (Costantini et al. 2005; Xiang et al. 2005; Mao et al. 2014;
Valencic and Smith 2015). Using other markers of dust in the ISM, such as the
optical extinction properties Ay or E(B — V), can assist in constraining the dust
grain population models (Valencic and Smith 2015). Comparing the dust scattering
halo intensity profiles among different energy bands can also break this degeneracy
(Corrales and Paerels 2015).

Crystallinity

As seen above (Fig. 8, central panel), the sharpness of the XAFS near the edge
may be an indicator, along side the edge shape and position, of absorption by
dust in crystalline form. Recent modeling of the X-ray Si and Mg edges reports
consistently the presence of crystalline dust, next to the amorphous component. Its
contribution to the total dust was reported to be 4-35% when only the SiK edge
was considered (Zeegers et al. 2019). A similar range of ~7-27% was found for
a different set of sources when a simultaneous Mg and Si fitting was performed
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(Rogantini et al. 2020). This is in apparent contradiction with studies in the IR (e.g.,
Kemper et al. 2004; Li et al. 2007, section “Interstellar Dust”). However, X-rays
and IR may have different diagnostic power, as the X-rays reach the short range
domain (atomic distances), while the IR tests the long range interaction (molecular
distances). More studies are necessary to corroborate this findings; however, the
presence of more crystalline structures than thought before may open new debate
on crystalline dust formation and survival in the ISM.

Abundance and Depletion

As seen in section “Attenuation of X-Rays by the Interstellar Medium, the X-ray
band does not host any distinctive hydrogen feature, but has to rely on the
modeling of the soft energy cut off to determine the hydrogen column density. The
evaluation of the metal abundances therefore depends on a reliable determination
of the hydrogen along the line of sight and on the cosmic abundance chosen. In
some circumstances (e.g., Lee et al. 2002; van Peet et al. 2009; Grinberg et al.
2015), additional cold material, possibly variable in time, may be associated to
the immediate surrounding of the source, providing an apparent overabundance of
metals along the line of sight.

The metal abundances are determined using the depth of the respective edges
and the strength of their gas transitions. The absorption edge includes both gas
and dust total contributions, providing an immediate measure of the amount of a
given element. Adopting Lodders and Palme (2009) as reference for solar abun-
dances, the values recently reported do not differ dramatically from the solar ones.
A deviation of 10-20% at most for iron and oxygen (Pinto et al. 2013; Costantini
et al. 2012) and few percent for Mg and Si (e.g., Rogantini et al. 2020) has been
found. The oxygen cold-gas content has been studied in detail in Nicastro et al.
(2016) and Gatuzz et al. (2016). From the modeling of the O1 absorption line
in a sample of Galactic X-ray sources spectra, Nicastro et al. (2016) found the
oxygen abundance for the cold medium, residing mainly in the Galactic disk, to
be slightly super-solar, using the oxygen abundance prescribed in Wilms et al.
(2000) (AQ = 4.9 x 107%). Translating their result with the (Lodders and Palme
2009) oxygen abundance (A = 6.0 x 10~%), for an easier comparison, a value of
Ao /Ag ~ 1.3 is obtained. Using a similar approach, Gatuzz et al. (2016) report
a wide range of abundance values, mostly sub-solar, along the line of sight of 24
X-ray binaries. It has to be noted that large uncertainties are associated to many of
those measurements. Again, converting those values from the oxygen abundances
used in that work (6.7 x 10~*, Grevesse and Sauval 1998), to the value in Lodders
and Palme (2009), arange Ao/Ag ~ (0.25—1.5, with a median of ~0.7, is obtained.

The Fe abundance, derived from the Fe L edges, assuming gas as the only
absorber, has been also studied in Gatuzz et al. (2016). With large associated
uncertainties, the range reported is Ape/AI?e ~ 0.17 — 1.55, with a median of
~0.65. Note that the reference for the Fe solar abundance is very similar in this
case for Grevesse and Sauval (1998) and Lodders and Palme (2009): 3.15 x 107
and 3.25 x 107>, respectively.
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Depletion values as measured in the X-rays generally confirm what hypothesized
using longer wavelength techniques. In particular, when gas and dust components
are used to model the Mg, Si, and Fe edges, it is systematically found that dust
dominates the absorption. The Si inclusion in dust has been well constrained to be
in the range 96-98% for all high-column density lines of sight (Rogantini et al.
2020). For magnesium, upper limits have been determined (>74-99% Rogantini
et al. 2020). Iron has been also reported to be included almost totally in the dust
phase (e.g., ~87% Costantini et al. 2012). Oxygen has been studied along diffuse
lines of sight, and its depletion has been found to be moderate. Around 7-20% is the
amount of oxygen in dust necessary to fit the O K edge, the rest being in gas form
(Pinto et al. 2013; Costantini et al. 2012; Psaradaki et al. 2020), consistently with
what observed in optical/UV (Jenkins 2009).

Dust Spatial Distribution

Scattering halos offer a novel method to measure the spatial distribution of dust
along the line of sight of a bright X-ray source. As described in section “Dust
Scattering from the ISM,” quiescent dust scattering halo profiles are smooth and
offer limited insight on the exact position of intervening dust (e.g., Smith et al.
2002). This is because the two parameters, distance of the background source and
the distance of the scattering dust cloud, are degenerate with the dust grain size
distribution (Predehl and Klose 1996), with resulting uncertainties that may reach
hundreds of parsecs (e.g., Mao et al. 2014; Xiang et al. 2011). Nonetheless, the
latest survey of 35 quiescent dust scattering halos imaged with the Chandra and
XMM-Newton observatories finds that the majority of nearby (D < 5kpc) ISM sight
lines are well fit with single clouds (Valencic and Smith 2015), while more distant
sources required multiple clouds or size distributions. More precise measurements
of the foreground spatial distribution of dust can be determined from dust scattering
echoes, especially when combined with other tracers of interstellar dust such as CO
maps (Tiengo et al. 2010; Heinz et al. 2015) and stellar extinction studies (Heinz
et al. 2016). It is anticipated that dozens more high contrast dust scattering echoes
could be imaged with the next generation of X-ray telescopes, for this type of study
(Corrales et al. 2019).

Future Outlook

The X-ray observatories XMM-Newton and Chandra have enormously advanced
the study of the ISM, thanks to the resolving power (R = E/AE ~ 400 — 1000)
of the grating instruments in the soft (~0.5-2keV) X-ray band. Future instruments,
for example, the calorimeters on board XRISM (Tashiro et al. 2018) and Athena
(Barret et al. 2016), will explore at higher resolution the energy range with energies
>1-2keV. This will make accessible different absorption edges (Al, S, Ca, Fe K
edges Rogantini et al. 2018; Costantini et al. 2019), in addition to an even better
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view of the Mg and SiK edges. The energy resolution, AE, will be 5 and 2.5eV
for XRISM-Resolve and Athena-XIFU, respectively. This, combined with a high
effective area in the 2-10keV range, will allow the study of XAFS even for the
shallower edges expected for, e.g., Ca and Al (Fig. 10, left panel). The new energy
window will allow the X-ray exploration of very-high-column density molecular
environments, near the Galactic center. In particular, the iron inclusion in those
environments will be studied, by means of the Fe K edge at 7.1keV (Rogantini
et al. 2018). Absorption edges from Mg and Si will be explored into greater detail,
allowing a deeper study on grain size distribution (XRISM Science Team 2020).

A higher resolving power, as proposed for the concept mission Arcus (R ~ 3800,
Smith 2020), in the soft energy band would allow to study in detail, alongside
the iron L edges, the oxygen K edge, rich in absorption features of gas and dust
(e.g., Juett et al. 2004; Costantini et al. 2012; Psaradaki et al. 2020) and the
carbon edge at 0.28keV (Fig. 10, right panel). The study of this edge, with high-
resolution spectroscopy, would reveal the physical characteristics of one of the
major components of ISM, as graphite would show distinctive features with respect
to amorphous carbon or HAC (Costantini et al. 2019, and section “Interstellar
Dust”).

The high sensitivity provided by both future calorimeters and CCD-imaging
instruments (Tashiro et al. 2018; Nandra et al. 2013) will allow to study many more,
fainter scattering halos. Five Galactic X-ray sources have produced the brightest
dust ring echoes to date (Tiengo et al. 2010; Heinz et al. 2015, 2016; Kalemci
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Fig. 10 Left panel: Athena-XIFU simulation of the Ca K edge for an intervening column density
of Ng = 6.9 x 10%2 cm~2. The simulated data (adopting only gas) are compared with models with
different types of dust. While different types of silicates will be difficult to distinguish using the Ca
K edge alone, other compounds will be easily disentangled (adapted from Costantini et al. 2019).
Right panel: Arcus simulation of the carbon region, for a source with a moderate column density.
The simulated data (adopting only gas) are compared with models with different types of dust and
gas mixture. Carbon in gas is assumed to be 40% of the total. The simulation shows that graphite
and (hydrogenated) amorphous carbon can be disentangled (adapted from Costantini et al. 2019)
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et al. 2018; Nobukawa et al. 2020). The next generation of X-ray observatories,
with 50-80 times the sensitivity of current instruments, are expected to capture
high contrast dust ring echoes at about 30 times the frequency of current X-ray
observatories (Corrales et al. 2019).

The bright sources will offer to routinely perform spatially resolved halo
spectroscopy, which reveals the chemical properties of dust alone (Decourchelle
et al. 2013; XRISM Science Team 2020). In Fig. 11, an example of how spatially
resolved scattering halo spectra will be observed is shown. Once the contribution of
the central source spectrum has been divided out, the scattering halo spectrum will
reveal the XSFS features (section “The X-Ray Fine Structure”). Those will allow us
to determine both the chemistry (Fig. 11, upper panel) and the dust size distribution
(lower panel) of virtually any line of sight displaying a scattering halo.

6.66 0.68 6.70 6.72 6.74 6.76 6.78 .6.80
angstrom

Fig. 11 Simulated ratio, using the XRISM-resolve resolution, of scattering halo flux (F) to
point source flux (Fps), accounting for the fraction of the scattering halo captured ( f;) by a small
field-of-view. (Top) A zoom-in of the scattering features from silicate dust around the SiK edge,
arising from an ISM column density of Ny ~ 4 x 10?> cm~2 and assuming an MRN (Mathis et al.
1977) power-law distribution of dust grains with particle sizes less than 0.3 wm. The simulated
data and red curve follow the theoretical cross sections for silicate features from Draine (2003).
The features modeled from laboratory data of Zeegers et al. (2017) are overlaid, for olivines (green)
and amorphous pyroxenes (purple). (Bottom) Demonstration of the change in scattering halo flux
from the contribution of large dust grains. The same ratio is plotted as in the top panel, for the
MRN distribution of grains (solid curves). The same mass of dust, following a power-law slope of
MRN but consisting of dust grains between 0.1 and 0.5 pwm in radius, produces a much brighter
scattering halo and XSFS features with a larger amplitude (dashed curves)
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