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Characterizing the chemistry of interstellar dust:
the X-ray view
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Abstract. Extensive multi-wavelength (from radio to far-ultra-violet) spectroscopy studies
on the nature of interstellar dust (ID) showed that this is a small, but fundamental, compo-
nent of the Universe. Despite the wide knowledge acquired so far, fundamental issues, in
particular about the dust formation and chemical composition, still remain open. The X-ray
band offers an important energy window where the main constituents of ID can be directly
studied. Before the advent of the large X-ray observatories Chandra and XMM-Newton, the
use of the X-rays as a tool to study ID has been at a pioneering stage. Now the quality of
the X-ray data finally allows for a deep understanding of the ID chemical properties.
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1. Introduction

Dust constitutes a very small fraction of the
material available in the interstellar space. The
most abundant elements which may condense
to form grains are C, O, Mg, Si and Fe.
Such evidence is given by spectroscopy, e.g. in
the ultraviolet. An apparent under-abundance,
generally referred as depletion, with respect to
the cosmic values in the gas phase of those ele-
ments shows that a large fraction of those (40—
100%) must be in a solid phase (e.g.|Savage &
Sembachl[1996)). Carbon is mostly found in the
form of graphite and polycyclic aromatic hy-
drocarbons molecules. The remaining refrac-
tory elements are believed to form silicates,
where Mg, Fe, or both, combine with SiO3 or
SiOy.

Since the launch of the first X-ray satel-
lites it has been realized that both the gas and
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dust along a given line of sight could be stud-
ied. The method used is simply to study, via
spectroscopy and imaging, the radiation which
is scattered and absorbed by dust grains on
our line of sight. The objects used as back-
ground light are bright X-ray binary systems,
which in nature are distributed everywhere in
the Galactic disk. Pioneering imaging studies
on X-ray scattering halos brought important
information on e.g. the dust size distribution
(e.g. Mauche & Gorensteinl (1986} [Predehl &
Schmitt| [1995; [Draine & Tan 2003) and dis-
tribution along the line of sight (e.g. [Predehl
& Schmitt/[1995). Absorption by the interven-
ing ISM has been difficult to study in the
early days due to the limited spectral resolu-
tion. Only the profiles of the main absorption
edges could be recognized (e.g. [Schattenburg
& Canizares| [1986) and parametrized (e.g.
Morrison & McCammonl|1983; [Wilms et al.
2000). The advent of high-energy-resolution
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instruments marked the beginning of a large-
scale study of the ISM from the X-ray point of
view.

The X-ray band is indeed an ideal labora-
tory to study the silicate content in the diffuse
ISM. For instance, the absorption K edge of O
(E = 0.538 keV), Mg (E = 1.30 keV) and Si
(E = 1.84 keV) together with the Fe LII and
LI (0.71 and 0.72 keV, respectively) edges
fall in the low-energy X-ray band. Also the Fe
K edge, located at 7.1keV, will be well de-
tected by future X-ray instruments (e.g. Astro-
H, to be launched in 2014). Carbon, whose
edge is located at 0.28 keV is outside the reach
of most instrumental energy bands. The effect
of dust is to shift in energy and modify in
shape the photoelectric absorption of a given
species. The main features of a modified edge
are in most cases well detectable, thanks to the
energy resolution of the current spectrometers
(R = A/AA = 400 — 1000). Thus silicate abun-
dance in the ISM can be now studied (Pinto et
al.|2010; (Costantini et al.|2012) hereafter C12).

In addition, iron absorption features are
shallow at longer wavelength and their model-
ing is difficult, while the X-ray band provides
as many as three sharp, non-blended, iron fea-
tures: the Fe LII, Fe LIII and FeK edges. The
nature of iron compounds in ID can be there-
fore directly studied (Lee et al.[2009}, C12).

Not all the edges can be accessed at the
same time. An increasing column density of
the ISM along our line of sight will pro-
gressively cancel the softer-energy edges. For
this reason, the more diffuse dust environment
(Nu =~ 1 =7 x 10> cm™) is studied through
the oxygen and iron L edges. The denser envi-
ronment, common in regions near the Galactic
Center (GC), with Ny ~ 7 — 50 x 10*! cm2,
will be represented by the Mg and Si edges.
Extremely dense environments (Ny > 80 X
10?! cm~?) will show a significantly deep Fe K
edge. The handful of known X-ray sources be-
hind such a high-column-density ISM will be
valuable to study the contribution of iron very
near to the GC. X-rays can therefore access a
variety of dust environments, which may dif-
fer in composition, grain sizes and geometrical
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Fig. 1. Detail of the iron LII and LIII edges region
in 4U 1820-30 spectrum. The model components
contributing to the absorption (gas and dust)are also
highlighted (adapted from C12).

L e e A B
ionized and neutral gas

-
»
>

©°

|

O

22.5
Wavelength

N

~0 L

Zo
N
oL
n

Fig.2. Detail of the oxygen K edge region in
4U 1820-30 spectrum. The model components con-
tributing to the absorption (gas and dust) are also
highlighted (adapted from C12).

distribution. Moreover, both gas (neutral and
ionized) and dust in the ISM can be simultane-
ously studied as hoth show distinctive features
in this band (e.g. Pintoetat. 2610).

2. The case of 4U 1820-30

4U 1820-30 is a bright X-ray binary located
in the globular cluster NGC 6624 at latitude
b = —7.9133° below the Galactic plane. The
column density towards this source is Ng ~
1.63 x 10> cm™ (C12). In C12 a detailed
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study of the ISM absorption by gas and dust
had been carried out using both XMM-Newton-
RGS and Chandra-HETGS spectra. This al-
lowed them to maximize the effective area
and resolution both around the oxygen K and
iron L edges. The existing dust model, imple-
mented in SPEX (Kaastra et al.[1996)), includes
the absorption profiles of many basic com-
pounds (silicates, oxides and simple species
such as O,, metallic iron, CO, etc., see C12
and references therein). In this way a first or-
der modeling of the chemical composition of
the dust along this line of sight is possible.
Interestingly, Fe-rich silicates have been ruled
out by the joint fit of the O and Fe edges.
However, Fe has been found to be highly de-
pleted in 4U 1820-30. The best fit points to
absorption by metallic iron and traces of ox-
ides (Fig. ). The silicates absorption profiles
which best describe the spectrum are Mg-rich
(e.g. MgSiOs, Fig. 2). This result adds up to
other independent evidences of Mg-rich sili-
cates dominating over the Fe-rich ones: X-ray
scattering halos (Costantini et al.| 2005), ab-
sorption in the iron L edge using Chandra-
HETG (Lee et al.[2009) and infrared modeling
(Min et al.[2007).

A possible aggregate which could simul-
taneously host Mg silicates and metallic iron
could be in the form of a GEMS-like grain.
The GEMS (Glass with Embedded Metal and
Sulfides; Bradley|1994)) which have been an-
alyzed so far have interplanetary origin, but a
fraction of them is consistent to be processed in
the ISM (Keller & Messenger|2008). More ob-
servational evidences are needed to strengthen
this possibility.

3. An improved ID data base

These exciting results show the potential of
X-ray studies of dust. However this approach
has still to be refined. A limited data base
of dust absorption profiles may indeed lead
to significant uncertainties in the interpreta-
tion. We are therefore collecting dust profiles
measurements of a large number of dust com-
pounds, with preference given also to the amor-
phous species. Existing laboratory measure-
ments concern indeed mostly crystalline ma-
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terials, while no more than 5% of dust is crys-
talline in the diffuse ISM (Kemper et al.|2001])
and less than 2% towards the Galactic center
(Li & Drainel[2001). Using different facilities
(Table [[), we are measuring, for each com-
pound, all the relevant edges. The information
which will be ultimately obtained from these
measurements are the absolute cross section
and the profile of the edge, modified by dust
absorption. These will be implemented in the
dust model in SPEXI. The energy resolution
of the laboratory data is 0.8 — 3 eV, therefore
certainly suitable to fit the data of both the fu-
ture and the current X-ray satellites. The global
measurements of all edges for each compound
will allow us to consistently fit at one time all
the visible X-ray absorption edges in a given
spectrum and reduce degeneracy in the results.

4. Conclusions and outlook

We have shown how, from the first works based
on early mission data, we can now reach a high
level of detail in the study of dust. This is es-
pecially true for the dust absorption features
which can be modeled with unprecedented ac-
curacy, provided to have high-quality X-ray-
grating data. We have shown the potential of
X-ray spectroscopy in directly studying the ID
chemistry, with particular emphasis on the iron
content in the ISM. We are performing addi-
tional laboratory measurements of dust com-
pounds (both glassy and crystalline) to im-
prove the dust model currently used with a set
of consistently-studied edge profiles.

The X-ray satellites in operation are offer-
ing a rich archive of data, which allows us to
especially focus on the softer energy edges.
Future instrumentation will optimize the en-
ergy resolution in the Fe K region, but also
the medium energy band will benefit from an
improved resolution. In the near future the
calorimeter on board Astro-H will allow us to
easily study the dense environments near the
Galactic center, via the Si and also the Mg
edge. In exceptional cases, the Fe K edge will
be also studied, providing fundamental infor-
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Table 1. Facilities used for the measurements of relevant edges.

Facility Edge energy (keV)
DUBBLE-ESRF  synchrotron FeK 7.1
LUCIA-Soleil synchrotron MgK, SiK 1.3 and 1.84
EMU Electron microscope OK, FeL 0.543,0.7

mation of the iron content in the densest dusty
environment of our Galaxy.

Acknowledgements. The Space Research
Organization of the Netherlands is supported
financially by NWO, the Netherlands Organization
for Scientific Research. XMM-Newton is an ESA
science missions with instruments and contributions
directly funded by ESA Members States and the
USA (NASA).

References

Bradley, J. P. 1994, Science, 265, 925

Costantini, E., Freyberg, M. J., & Predehl, P.
2005, A&A, 444, 187

Costantini, E., et al. 2012, A&A, 539, A32

Draine, B. T., & Tan, J. C. 2003, ApJ, 594, 347

Ishii, H. A., et al. 2008, Science, 319, 447

Kaastra, J. S., Mewe, R., & Nieuwenhuijzen,
H., 1996, in UV and X-ray Spectroscopy of
Astrophysical and Laboratory Plasmas, ed.
K. Yamashita and T. Watanabe, (Universal
Academy Press, Tokyo), 411

Keller, L. P., & Messenger, S. 2008, Lunar
and Planetary Institute Science Conference
Abstracts, 39, 2347

Kemper, F. et al. 2001, A&A, 369, 132

Lee, J. C., et al. 2009, ApJ, 702, 970

Li, A., & Draine, B. T. 2001, ApJ, 550, L213

Lodders, K., & Palme, H. 2009, Meteoritics
and Planetary Science Supplement, 72, 5154

Mauche, C. W., & Gorenstein, P. 1986, ApJ,
302, 371

Min, M., et al. 2007, A&A, 462, 667

Morrison, R., & McCammon, D. 1983, ApJ,
270, 119

Pinto, C., Kaastra, J. S., Costantini, E., &
Verbunt, F. 2010, A&A, 521, A79

Predehl, P, & Schmitt, J. H. M. M. 1995,
A&A, 293, 889

Savage, B. D., & Sembach, K. R. 1996,

ARA&A, 34,279

Schattenburg, M. L., & Canizares, C. R. 1986,
ApJ, 301, 759

Wilms, J., Allen, A., & McCray, R. 2000, ApJ,
542,914



	Introduction
	The case of 4U 1820-30
	An improved ID data base
	Conclusions and outlook

