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Periodic Elements 
of Dust

Krasnojarsk meteorite  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Silicates
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(99%)

+ many other trace elements  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Dust Life Cycle

Tielens 
Jones & Tielens 1994, 1996

Stellar evolution  
& death

ISM processing

Molecular clouds  
growth, chemical processing

Star formation 
processing in disks

nucleosynthesis

chemicals freeze out 
and condense, forming 

grains with mantles

dust production 
in AGB stars, SNe?

⇠ 2000 Myr

shocks lead to 
shattering, sputtering

⇠ 500 Myr
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Big questions

1. What is dust grain composition in diffuse ISM?  

2. Where does dust grow and how big can it get? 

3. How does dust influence the physics of the ISM: 
star formation, feedback, and galaxy evolution?
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Using bright X-ray point sources as beacons, 
we can probe the dust and gas properties  

of the cool phase Universe.

absorption 
probes total metal column (dust + gas)

scattering 
probes large end of the grain size distribution
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X-ray Optical J,H,K,L	


(Keck)

Herschel

Spitzer

Milky Way optical depth due to dust
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Dust model used in this talk

dnd

da
/ a�3.5

0.005µm  a  0.3µm

no amorphous, iron needles, 
or low-filling factor (“fluffy”) dust

Astrosilicate and  
Graphite  
optical constants  
from Draine (2003)

60% silicate"
40% graphite

gra

sil

MRN 1977

2175 Angs  
bump
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dust scattering mainly affects 
sub-arcmin resolution instruments

light scattered by dust intermediate in line of sight  
produces a scattering halo image

IE 1547.0-5408 (ESA)

XMM

Cygnus X-3

Chandra

SGR J1550-5418  
(NASA/Swift/Halpern)

↵
Swift

↵

✓sca ⇠< 100E�1
keV
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X-ray scattering is a diagnostic tool for ISM grain sizes

SGR J1550-5418 
(NASA/Swift/Halpern)

⇠
�

a
X-ray light 
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X-ray scattering is a diagnostic tool for ISM grain sizes

SGR J1550-5418 
(NASA/Swift/Halpern)

Strongly forward  
(small angle) scattering

⇠
� ⇡ 10

a(µm) E(keV)

⇠
�

a
X-ray light 
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X-ray scattering is a diagnostic tool for ISM grain sizes

SGR J1550-5418 
(NASA/Swift/Halpern)

Strongly forward  
(small angle) scattering

⇠
� ⇡ 10

a(µm) E(keV)

Strongly sensitive 
to grain size �sca / a4E�2

⇠
�

a
X-ray light 
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Cyg OB2 Legacy Survey 
(Wright+ 2015)

image credit: 
Jeremy Drake

Scattering halo flux yields direct measurement of scattering cross-section

Fh

Fps
= e⌧sca � 1

Cyg X-3  
(HETG)
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Cyg OB2 Legacy Survey 
(Wright+ 2015)

image credit: 
Jeremy Drake

Scattering halo flux yields direct measurement of scattering cross-section

Fh

Fps
= e⌧sca � 1

F obs

h

F
ps

= f
cap

(e⌧sca � 1)

Cyg X-3  
(HETG)
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The scattering halo of Cyg X-3 supports several solutions,  
degeneracy might be broken with energy resolved scattering halos

Corrales & Paerels (2015)
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The scattering halo of Cyg X-3 supports several solutions,  
degeneracy might be broken with energy resolved scattering halos

Corrales & Paerels (2015)

12
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The scattering halo of Cyg X-3 supports several solutions,  
degeneracy might be broken with energy resolved scattering halos

1 2

a
max

= 1.5 µm
p = 3.6

same  
as beforeCorrales & Paerels (2015)

12
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Spectrum of dust scattered light should have features  
coincident with absorption edge structure from constituent elements
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Fa

Fa[1� exp(�⌧sca)]

Simulated spectrum (micro-calorimeter)
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Fh

Fa
= 1� exp(�⌧sca)

silic
ates

graphite
s

Ratio of halo to source reveals dust spectral features
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1. Wide field of view is important  

2. Need to image SB over several orders of magnitude  

3. High resolution imaging  
— avoid confusion (point source vs halo)  
— probe deeper into sight line (dust closer to source)  
— image fainter scattering echoes  

4. Can we push to C-K edge? 
— PAHs (2175 Angs) are  
lever-arm for many dust models

Approach 1: X-ray Scattering

No. 2, 2010 K-SHELL PHOTOABSORPTION STUDIES OF THE CARBON ISONUCLEAR SEQUENCE 1303

Figure 9. Carbon K-edge region of the X-ray spectrum of the bright blazar
Mkn 421 observed by the Chandra LETG+HRC-S. The edge absorption is
predominantly due to the polyimide UV–optical/ion blocking filter on the
HRC-S instrument, although ISM absorption contributions are also present.
Two fits to a power-law continuum model with photon index Γ = 2.0,
absorbed by an intervening ISM corresponding to a neutral H column density
of 1.5 × 1020 cm−2, are shown. These differ significantly only in the carbon
cross sections employed: the neutral C i cross section of Balucinska-Church &
McCammon (1992); and C i, C ii, and C iii cross sections reported here. In the
latter case, the C ion fractions were 20% C i, 60% C ii, and 20% C iii. The effect
of the C ii resonances is clearly visible in the vicinity of 43 Å.
(A color version of this figure is available in the online journal.)

5%–15%. We ascribe this to uncertainty in the calibration—a
notoriously difficult task for X-ray instruments in the vicinity
of the C K edge. We applied a smooth broad Gaussian-like cor-
rection to the effective area in order to ameliorate this effect.
The resulting model fit is illustrated in Figure 9. While the fit is
generally very good, there is a clear discrepancy near 43 Å. The
Balucinska-Church & McCammon (1992) cross section for car-
bon is essentially that from the synthesis of Henke et al. (1982,
1993) combined with the C abundance of Anders & Ebihara
(1982), and amounts to a simple step function. We computed
a new ISM absorption cross section replacing the neutral and
ionized C cross sections with those from our R-Matrix computa-
tions. The division of carbon among different charge states was
adjusted by eye to obtain a good match to the data. This was
achieved with a mixture of 20% C i, 60% C ii, and for illustra-
tive purposes, 20% C iii. The resulting model spectrum folded
through the instrument response is also illustrated in Figure 9.
There are no obvious signs of significant C iv absorption in the
data.

We do not place great weight on the C ion ratios used
for the fit: the instrument calibration would appear to require
some revision before quantitative measurements can be made.
However, we especially note two aspects of the results. First,
the C ii resonance structure now provides a good match to
the observations in the vicinity of 43 Å and we consider this
a reliable detection of this species. To our knowledge, this
represents the first X-ray identification of C ii absorption in
interstellar gas. Second, there is a weak absorption feature near
42.15 Å in the observed spectrum that is reasonably close to
the C iii 1s2s22p2 (1P ) resonance predicted by our R-Matrix
calculations. The offset between the two is ∼0.05 Å or 0.35 eV.
Based on the comparison of the R-matrix resonance energy and
synchrotron observations illustrated in Figure 9, an offset of
0.35 eV is much too large to be associated with uncertainties

in the predicted resonance position. Instead, it is possible
that HRC-S imaging nonlinearities could give rise to such a
discrepancy. Line positions are generally expected to be better
than 0.01–0.02 Å, but can occasionally be as far as 0.05 Å out
of place.5 We stop short of identifying this absorption feature
but draw attention to its possible interest for future study.

5. SUMMARY AND CONCLUSION

In order to study X-ray absorption features near the carbon
K edge, we have computed photoabsorption cross sections for
C i–C iv. We use an R-matrix method with the inclusion of
spectator Auger decay and treat both the 1s → np resonance
absorption for all n → ∞ and the above-threshold 1s → ϵp′.
We find excellent agreement with IP results for the above-
threshold cross section.

Below threshold, the only other existing cross sections avail-
able for comparison purposes are the experimental and ear-
lier R-matrix results for the 1s → 2p, 3p photoionization of
C ii–C iv (Schlachter et al. 2004; Scully et al. 2005; Müller
et al. 2009). We find that our present theoretical results are in
generally good agreement with the earlier R-matrix results for
the resonance strengths and positions, differing in energy posi-
tion by roughly 0.1 eV and in strength by at most 20%, even
though a somewhat different atomic structure was used in each
calculation. However, the experimental resonance strengths dif-
fer from our theoretical results by as much as ≈40%, which
could be explained by considering the experimental uncertainty
in the absolute cross section normalization.

Most importantly, we have provided a comprehensive set
of carbon photoabsorption data for the entire photon energy
region including all 1s → np resonances that are broad-
ened due to spectator Auger decay and merge smoothly onto
the 1s → ϵp above-threshold continuum, thus modeling the
K-edge photoabsorption features correctly.

These computed data are of particular importance for absorp-
tion studies of cosmic gas. In turn, a more accurate description of
the interstellar absorption near the C K edge in cosmic sources
used as in-flight calibration standards should lead to refinements
in the calibration of spectrometers such as the Chandra LETGS.
Analysis of the LETGS spectrum of Mkn 421 has allowed us
to identify interstellar absorption due to C ii and estimate ion
fractions of C i and C ii for the first time using X-rays.
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APRA, NASA SHP SR&T, and Chandra Project grants. J.J.D.
was supported by NASA contract NAS8-39073 to the Chandra
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National Science Foundation through a grant to ITAMP at the
Harvard-Smithsonian Center for Astrophysics.
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X-ray Absorption Fine Structure (XAFS)
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L2

L3Draine (2003)  
by way of 
van Aken &  
Liebscher  
(2002)

Fe-L: see also 
Juett+ (2006) and 
Kortright & Kim (2000)

scattering contribution: 
see also Costantini, Zeeger, 
Hoffman & Draine (2015)

X-ray Absorption Fine Structure (XAFS)
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Fraction of dust scattering halo captured  
within source extraction region (PSF)

*

*
* new xspec model coming soon
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Absorption edge fine structure is also  
dependent on imaging resolution and grain size

MRN dust 0.3 micron grains
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Fe-L edge
LMXB GX 9+9 (96 ks)

abs only

abs + sca

Gatuzz et al. (2015)
NH = (3.15± 0.21)⇥ 1021 cm�2
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abs + sca

abs only MEG 1 (96 ks)
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We need lab astrophysics and scattering models
No. 2, 2009 X-RAY METHOD FOR DETERMINING THE QUANTITY AND COMPOSITION OF ISM DUST 975
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Figure 5. X-ray absorption near edge structure in the vicinity of the Fe L
photoelectric edge, postnormalization, reveals that structures known as XAFS
are distinct for different states of condensed matter. Note also differences in
edge structure between bound-free continuum absorption (the solid black step
function) vs. metallic (the dashed black) and molecular (in color) states. Note
that these are only preliminary measurements which we intend to improve upon
before incorporation into astrophysical databases for common use. The inset
illustrates the ∆E values distinguishing condensed matter (red) from gas-phase
(black) absorption at the Fe LIII and LII photoelectric edge energies, for the
different compounds which are tabulated in Table 1.

lists details for a few of these, but as stated, the data shown here
are intended merely as a vehicle to facilitate a presentation of
our new techniques.

3. AN X-RAY METHOD TO DETERMINE THE
QUANTITY AND COMPOSITION OF DUST IN

INTERSTELLAR SPACE

Our ability to accurately measure the quantity of dust and
elemental abundances in our Galaxy and beyond has far-
reaching applications and consequences for a diverse range
of astrophysical topics. Thus far, wavelength-dependent (IR to
UV) studies of starlight attenuation as facilitated by E(B −
V ) measurements and other extinction studies have been the
primary technique by which we measure the amount of dust
that is bound up in interstellar grains. Elemental depletion
can be determined by UV absorption studies comparing the
amount expected in gas-phase absorption from what is observed,
and IR spectral studies can directly measure certain ISM dust.
Here, we present an X-ray technique for directly determining
the (element-specific) quantity and composition of interstellar
gas (Section 3.1) and dust from within a single observation.
What knowledge we gain from this technique, when combined
with the wealth of knowledge from non-X-ray studies, will
significantly increase our understanding of ISM dust and its
effects on astrophysical environments.

3.1. Gas-phase ISM Absorption

Like condensed material, atomic transitions to higher quan-
tum levels within an isolated atom will also give rise to mul-
tiplet resonant absorption. To give the example for Fe, these
lines would consist of all possible discrete transitions to all
possible configurations of the 3d-shell, since the electronic con-
figuration of Z = 26 Fe+0 (or Fe i in the astronomy notation) is
1s22s22p63s23p64s23d6. Therefore, while the bound-free non-
resonant transitions can be modeled by a simple step func-
tion as, for example, that of Brennan & Cowen (1992) for
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Figure 6. Bound–bound resonant transition for various Fe ions from
Fe+0 to Fe+4, as calculated based on the (Gu et al. 2006; Gu 2005) predic-
tions for oscillator strengths, radiative decay rates, and autoionization rates for
these lines. Based on the ISM ionization spectrum of Sternberg et al. (2002),
the most prominent contribution from Fe ions in the L-edge region would come
from neutral Fe+0 (i.e., Fe i), or singly ionized Fe+1 (Fe ii). These lines are con-
volved with the Chandra HETGS spectral resolution (R ∼ 0.9 eV at FeL; blue),
and the resolution of ALS beamline 6.3.1 is used for the XAFS measurements
presented in this paper (red). At present, R ∼ 3000 is also the baseline spectral
resolution for the IXO spectrometers.

Fe L, additional discrete resonant features will have to be in-
cluded to account for the bound–bound resonant component of
absorption.

Figure 6 shows our calculations for the resonant transition
for various Fe ions from Fe+0 − Fe+4, as evaluated based on the
Gu et al. (2006; see also Gu 2005) predictions for oscillator
strengths, radiative decay rates, and autoionization rates for
these lines. We note that because of the electronic structure
of Fe, which favors the removal of the s-electrons prior to d-
electrons, the cross sections for Fe+0 ∼ Fe+1 ∼ Fe+2, as evident
in the figure. The relevant cross sections derived for these atomic
transitions are then convolved with the appropriate instrument
resolution (∆E ∼ 0.9 eV at 700 eV Fe L for the Chandra
Medium Energy Grating) to approximate the ion-specific cross
section for the bound–bound transition, σbb. Finally, the cross
section for describing the total gas-phase absorption for the
species of interest, σZgas, will be described by the combination
of cross sections from the bound–bound (µbb−atom) and bound-
free (µbf ) components. See Section 3.2 for more details.

For complex astrophysical environments, additional consid-
erations related to the ionization state of the plasma being probed
need to be weighed. As such, modeling efforts need to consider
the ionization state of the environment expected for the absorp-
tion. For the three, cold (T < 200 K), warm (T ∼ 8000 K),

Lee et al  (2009)

LAB"
Kortright & Kim (2000)"
van Aken & Liebscher (2002)"
Lee et al. (2009)"
Lee (2010)"
Costantini (e.g. 2013)"
"
MODELS"
Draine (2003)"
Hoffman & Draine (2015)"
Smith, Valencic, Corrales (in prep)

Use absorption cross-section 
to measure optical constants  
—> compute extinction
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Approach 2: X-ray Absorption Fine Structure

1. We need to be able to observe bright objects!! 

2. Gratings  
— mitigate pileup  
— high-resolution spectroscopy in the soft X-ray  

3. Need high S/N, high resolution spectroscopy
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McCollough et al. (2013)

Cyg X-3’s 
Little Friend
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Fig. 3.— MAXI 2-4 keV lightcurve of Circinus X-1 at the time
of the 2013 flare. Also shown are the median-times of our two
Chandra and three XMM observations (XMM ObsID 0729560701
was not used in this paper). T0 was chosen to correspond to the
time of our first Chandra observation at (T0 =MJD15801=56683).
Red diamond symbols indicate periastron at orbital phase zero
(Nicolson 2007).

of known distance xD, the distance to the source can be
determined from the known delay time �t.

1.3. Circinus X-1

Circinus X-1 is a highly variable X-ray binary that has
often been characterized as erratic. It has been di�cult
to classify in terms of canonical X-ray binary schemes,
combining properties of young and old X-ray binaries
(Stewart et al. 1991; Oosterbroek et al. 1995; Jonker et al.
2007; Calvelo et al. 2012). The presence of type I X-ray
bursts (Tennant et al. 1986; Linares et al. 2010) identifies
the compact object in the source as a neutron star with
a low magnetic field, supported by the presence of jets
and the lack of X-ray or radio pulses (Stewart et al. 1993;
Fender et al. 2004a; Tudose et al. 2006; Heinz et al. 2007;
Soleri et al. 2009; Sell et al. 2010).
The transient nature and the low magnetic field sug-

gested a classification of Circinus X-1 as an old, low-mass
X-ray binary with an evolved companion star (e.g. Shirey
et al. 1996). This interpretation was in conflict with the
observed orbital evolution time of order P/Ṗ ⇠ 3, 000
years (Parkinson et al. 2003; Clarkson et al. 2004) to
P/Ṗ ⇠ 20, 000 years (Nicolson 2007) and the possible
identification of an A-B type super-giant companion star
(Jonker et al. 2007), suggesting a much younger system
age and a likely massive companion star. The orbital pe-
riod of the system is 16.5 days, with a likely eccentricity
around 0.45 (Jonker et al. 2007)
The conflicting identifications were resolved with the

discovery of an arcminute scale supernova remnant in
both X-ray and radio observations (Heinz et al. 2013),
placing an upper limit of ⌧ < 4, 600 years (DCir/8 kpc)
on the age of the system, where DCir is the distance
to the source. This upper limit makes Circinus X-1 the
youngest known X-ray binary and an important test case
for the study of both neutron star formation and orbital
evolution in X-ray binaries.
The distance to Circinus X-1 is highly uncertain. As a

southern source deeply embedded in the Galactic disk,
most standard methods of distance determination are

Fig. 4.— Exposure-corrected image of Chandra ObsID 15801,
smoothed with a FWHM=10.5” Gaussian. Red: 1-2 keV, green: 2-
3 keV, blue: 3-5 keV. Point sources and the read streak produced by
Circinus X-1 were removed. Four separate rings of dust scattering
echoes are visible in this image.

not available. It is also out of the range of VLBI par-
allax measurements. Distance estimates to Circinus X-1
range from 4 kpc (Iaria et al. 2005) to 11 kpc (Stewart
et al. 1991). A likely range of D = 8 � 10.5 kpc was
proposed by Jonker & Nelemans (2004) based on the
radius-expansion burst method, using properties of the
observed type I X-ray bursts. Because important binary
properties depend on the distance to the source (such
as the Eddington fraction of the source in outburst), a
more accurate determination of the distance is critical for
a more complete understanding of this important source.
Circinus X-1 is a highly variable source, spanning over

four orders of magnitude in luminosity from its quiescent
flux to its brightest flares. While the source was consis-
tently bright during the 1990’s, it underwent a secular
decline in flux starting in about 2000 and has spent the
past 10 years below the detection thresholds of the Rossi
X-ray Timing Explorer All Sky Monitor and the MAXI
all sky monitor aboard the International Space Station
(Matsuoka et al. 2009)13, with the exception of sporadic
near-Eddington flares, sometimes in excess of one Crab
in flux (throughout the paper we will refer to the Edding-
ton limit of LEdd,NS ⇠ 1.8 ⇥ 1038 ergs s�1 for a 1.4M�
neutron star). These flares typically occur within indi-
vidual binary orbits and are characterized by very rapid
rises in flux near periastron of the binary orbit and often
rapid flux decays at the end of the orbit. For example,
during the five years it has been monitored by MAXI,
Circinus X-1 exhibited ten binary orbits with peak 2-

13 The ASM was one of three instruments aboard the Rossi

X-ray Timing Explorer; MAXI is an experiment aboard the Inter-

national Space Station; both have only one mode of operation.

Cir X-1 dust scattering echoes

Heinz et al. (2015)
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What can X-ray scattering do for you?

1. Distance measurements to X-ray binaries 
— variability 
— CO and IR measurements will help  
 
see Tiengo et al. (2010), Mao et al. (2014), Heinz et al. (2015),  

2. Trace the metals (neutral vs hot phase)  
— measure depletion 
— determine metallicity in your plasma / gas of interest  
 
see Gatuzz et al. (2014)
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Dust absorption features from obscured,  
moderately redshifted AGN?"
need high resolution soft X-ray spectroscopy  

Absorption or scattering features from CGM? 
need quasar-galaxy pairs or lensed quasars,  

larger effective area for dimmer objects, low NH  

Scattering echoes from diffuse CGM or IGM dust?  
need larger effective area, low background, high resolution  

see Corrales & Paerels (2012), Corrales (2015)

Fantasy questions
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Summary

Using bright X-ray point sources as beacons, 
we can probe the dust and gas properties  

of the cool phase Universe.

absorption 
probes total metal column (dust + gas)

scattering 
probes large end of the grain size distribution

Distance measurements to X-ray binaries

Trace the metals


