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in grains than that assumed by Shull (1993). For cobalt the
values determined by Mullman et al. (1998) are used.

To illustrate the large uncertainties associated with the
grain composition, we also list in Table 2 the depletions
used by Ride & Walker (1977) and MM83, the previous
works that included grains in the computation of ThepISM.
depletion factors of Ride & Walker (1977), as shown in
Table 2, are based on gas-abundance measurements using
Copernicus data. Only one of the depletion factors of
MM83 is based on observation, that for oxygen (de Boer
1979, 1981) ; for the rest, MM83 considered elements to be
either completely depleted into grains or entirely in gas
form. This simplifying assumption represents the maximum
e†ect of grains on the ISM opacity.

We note that grains are included here partly for com-
pleteness and partly to indicate how changes to the current
ISM grain model might a†ect observations made with the
more recent X-ray observatories and not as an attempt to
model the solid state in the interstellar medium. While a
““ perfect ÏÏ grain model meeting all abundance and obser-
vational requirements remains elusive, our grain model at
least adequately reproduces the observed extinction, emis-
sion features, and depletions of the di†use ISM (Mathis
1996). For more detailed work, the assumption of spherical
grains must be modiÐed (Mathis 1990).

3. CONCLUSIONS AND SUMMARY

3.1. Results
Using equation (1) and the assumptions described above,

we compute The results are shown in Figure 1, wherepISM.

we display the X-ray absorptivity as to emphasizepISM E3
deviations from the E~3 proportionality of By readingpbf.the plot as a ““ bar diagram,ÏÏ it is easy to estimate the rela-
tive importance of the contributors to For energiespISM.
above the oxygen K edge at D0.5 keV (see Table 2), the
X-ray opacity is dominated by the metals and H and He are
relatively unimportant. Below 1 keV, C, N, O, and Ne are
the important absorbers, while above 1 keV, Si, S, and Fe
are important.

Also clear from Figure 1 is that the e†ect of grains on pISMis small for a standard MRN distribution. The e†ect of
grains is found to be less than previous estimates such as
MM83 in part because our grain model consists of lower
density porous grains and in part because we calculate

for an MRN distribution of grain sizes rather than bypgrainschoosing an average grain size such as 0.3 km as used by
Fireman and others. Thus, the greatest number of grains lies
in very small grains with q > 1 above D1 keV, so self-
shielding is not important in these grains. Consequently, for
an MRN distribution there are only small di†erences
between the optical depth of an entirely gas-phase ISM and
the optical depth for an ISM in which some of the gas
atoms have been depleted into grains. This is illustrated in
Figure 2, where we plot the grain optical depth as a function
of energy for grains of radius 0.25 and 0.025 km, as well as
for an MRN distribution of grains. These optical depths are
calculated using Appendix A and considering a hydrogen
column density of 1.0 ] 1020 cm~2. The total mass inNHgrains is the same for all three grain models shown. Clearly,
the self-blanketing factor a†ects the opacity more for low
energies and larger grain sizes. Since the change in grain

FIG. 1.ÈAbsorptivity per hydrogen atom of the ISM using the assumptions described in the text. The dotted line is the absorptivity including grains with
an MRN distribution, and the dashed line is the absorptivity assuming that all grains are of radius a \ 0.3 km. The inset shows the cross section without the
multiplication by E3. We also illustrate the contribution of hydrogen and hydrogen plus helium to the total cross section. The contribution of the crossH2section to the total hydrogen cross section is indicated by the dot-dashed line.

Wilms,	Allen	&	McCray	2000,	ApJ,	542,	914:	
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Fig. 2.— Cross sections per Hydrogen nucleus for the Weingartner & Draine (2001) (R
V

= 3.1) dust model.

Scattering contributes significantly to the extinction, with significant variation across the O K and Fe L absorption

edges.

package1 and the dabs routine in the Spex package2 both use the ISM model of Wilms et al. (2000)

(hereafter WAM2000), which approximates the extinction cross section of a single grain as the

sum of atomic photoionization cross sections with a correction term for grain self-absorption, and

integrates over the dust size distribution given by Mathis et al. (1977) (MRN):
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where i refers to di↵erent grain materials and ↵

i

(E) = (4⇡/�)Imi is the attenuation coe�cient for

grain material i with complex refractive index m

i

(E).

The WAM2000 attenuation model ignores scattering contributions to the dust extinction and

further approximates a grain of radius a as having a uniform thickness (4/3)a. For su�ciently

small grains, a grain of volume V has an absorption cross section Cabs(E) ⇡ ↵(E)V and scattering

is unimportant, as assumed by the WAM2000 dust attenuation model. For larger grains, how-

ever, scattering contributes significantly to the extinction, and should be taken into account when

modeling attenuation.

1http://heasarc.gsfc.nasa.gov/xanadu/xspec/

2http://www.sron.nl/spex

Hoffman	&	Draine	2015,	arXiv:1509.08987v1:	
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Fig. 7.— Two random aggregates used to investigate the e↵ects of grain geometry and porosity on dust extinction.

Both figures are from Shen et al. (2008). Left: a porous BA grain composed of N = 256 monomers. Right: a less

porous random aggregate produced by the BAM2 algorithm, also containing N = 256 monomers.

3.2.1. An application of GGADT: e↵ect of grain geometry on X-ray extinction

The geometry of dust grains is not currently well constrained. Polarization of starlight implies

that dust grains are not spherically symmetric. The next simplest grain geometry is the spheroid;

spheroidal grain models are able to reproduce observations of starlight polarization and extinction

(Kim & Martin 1995; Draine & Fraisse 2009).

However, for plausible dust evolution scenarios, dust grains are likely more complicated than

single-material spheroids or even ellipsoids. ISM grains could have irregular geometries as well as

inhomogeneous composition. Some authors (e.g. Mathis & Whi↵en 1989; Henning & Stognienko

1993; Stognienko et al. 1995) have argued for highly porous geometries.

To illustrate the possible e↵ects that grain geometry might have on abundance measurements

based on X-ray extinction, we employ GGADT to compute the extinction cross sections for five

example grain geometries. The size is specified by the radius of an equal-volume sphere, ae↵ ⌘
(3V/4⇡)1/3, where V is the volume of the solid material. The five grain geometries used are (1)

a sphere, (2) an oblate spheroid, (3) a prolate spheroid, (4) a BAM2 aggregate, and (5) a BA

aggregate, each with the same mass (ae↵ = 0.2µm) and silicate composition. For an EMT sphere

of radius aEMT representing material of porosity P , aEMT = ae↵(1� P )�1/3.

Ballistic agglomeration (BA) aggregates are constructed by single-size spherical monomers ar-

riving on random trajectories and adhering to their initial point of contact; BAM2 aggregates allow

for arriving monomers (after the third) to migrate until coming into contact with three monomers

(prior to the arrival of the next monomer) resulting in structures with porosity P significantly less

than for BA aggregates. A detailed description of these ballistic agglomeration aggregates is given

15

Fig. 9.— Orientation-averaged Q

ext

for equal-mass a
e↵

= 0.2µm silicate grains with di↵erent geometries. A 256⇥
256 grid was used for the shadow function in all cases, and calculations were averaged over 64 random orientations.

Porous, extended grain geometries significantly alter the fine structure of the absorption edges (except for the Fe K

edge). Moderately prolate/oblate spheroidal grains, on the other hand, have Q

ext

very similar to spherical grains.

3.3. Porosity

As stated earlier in this section, higher porosity increases absorption e�ciency. This trend,

along with the e↵ect of porosity on scattering, is shown in Figure 11. For ae↵ = 0.2µm grains,

the scattering e�ciency decreases as porosity increases. The extinction e�ciency decreases with

increased porosity except near the Fe L and O K absorption edges, where the increase in absorption

e�ciency dominates over the decreasing scattering e�ciency.

Orientation-averaged X-ray extinction cross sections do not di↵er appreciably between the

spherical and spheroidal dust grains in Figure 9, but larger di↵erences are found for random aggre-

gates. The absorption and scattering cross sections of random aggregates, as shown in Figure 11,

however, do deviate significantly from that of spherical grains. The absorption e�ciency of random

aggregates is increased at all photon energies relative to an equal-mass sphere; volume elements

of porous grains are exposed to a larger fraction of the incident light than compact grains, and

therefore the grain as a whole absorbs light more e�ciently. In compact grains, parts of the grain

Hoffman	&	Draine	2015,	arXiv:1509.08987v1:	
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LYNX	in	1	ks	



measure	Fe	LII&III		shape/depths		

ΔE/E	of	MEG	
@	Fe	LIII	~	1	eV	
	
Lynx	graCngs	<<	1	eV	

Lee	et	al.	2009	
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Schulz,	Corrales	&	Canizares	2016	:	

From	Chandra	to	Lynx,	Cambridge,	MA,	Aug.	8	2017	



Obtain	a	highest	resolved	edge	structure	at	sufficient	staCsCc	in			
	the		smallest	possible	data	bin:			
	GX	3+1:		213ks	
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Li	et	al.,	Phys.	Chem.	Minerals,	1995:	Silicon	K-edge	XANES	Spectra	of	Silicate	Minerals	
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Si K-edge XANES spectra were collected on a Double Crystal 
Monochromator (DCM) using SR. The DCM beamline employs 
a pair of InSb (111) crystals as the monochromator and covers 
the photon energy range from 1750 to 3750 eV (Yang et al. 1992). 
The energy resolution of the DCM is about 0.8 eV at 1800 eV. 
The monochromatized x-rays are focused by a bent cylindrical mir- 
ror onto the sample in the experimental chamber down to a spot 
less than 1.55 mm x 3 ram. The spectra of the very fine powder 
samples were recorded at an interval of 0.2 eV and 2 seconds for 
each data point in the energy range of 183(~1900 eu The spectra 
were collected by Total Electron Yield (TEY), which was actually 
measured the sample current produced due to excitation of all 
electrons of different energies. The smallest full width at half maxi- 
mum (FWHM) of the Si K-edge recorded for the silicate and alu- 
minosilicate samples presently investigated is about 1.8 eV. The 
DCM is a part of the Canadian Synchrotron Radiation Facility 
(CSRF) at the Synchrotron Radiation Center (SRC), University 
of Wisconsin, Madison. 

Results and Discussions 

Interpretation of Si K-edge XANES Spectra 

Figure 1 shows Si K-edge XANES spectra of some repre- 
sentative silicate minerals, forsterite (Mg2 [SiO4]), gros- 
sular (Ca3A12[SiO4]3), hemimorphi te  Zn4SizOT(OH)2, 
enstatite (Mg[-SiO3]), tremolite (Ca 2Mg sESi gO x t] 2- 
(OH)2), pyrophyllite (A12ESi4Oxo](OH)2), microcline 

(K[A1Si3Os]) and e-quartz (SiO2), arranged in the up- 
ward sequence of increase in polymerization of SiO~- 
clusters. The features in the a-quartz spectrum are la- 
belled as in our previous papers (Li et al. 1993, 1994a). 
In general, the four features A, C, E and G are related 
to the SiO~- cluster (Li et al. 1993, 1994a). Peak A is 
attributed to the transition of Si ls electrons to the anti- 
bonding 3s-like state (al); this transition is forbidden 
by the dipole selection rules A L =  _1, A S = 0  and 
AJ = __ 1, so that peak A is very weak. Peak C is assigned 
to the transition of Si ls electrons to the antibonding 
3p-like state (t2); this transition is allowed by the selec- 
tion rules, so that peak C is very strong. We refer to 
this as the Si K-edge. Peaks E and G are attr ibutable 
to the transitions of Si ls electrons to the e and t2 states 
characterized by the empty Si 3d states, respectively, or 
called "symmetry-forbidden shape resonances" (Dehmer 
1972; Ferrett  et al. 1986; Li et al. 1994b). Peaks D and 
F are qualitatively attributable to the multiple scattering 
(MS) effect from more distant a tom shells (Li et al. 
1994a), in agreement with the MS calculation for zircon 
(ZrSiO4) (McComb et al. 1992). 

For  the remaining silicates, peak C is assigned with 
some confidence, but the features above peak C are com- 
plicated by the complex MS processes and possible split- 
ting of e (3d-like) and t2 states (3p-like and 3d-like) in 
crystal fields of lower symmetry. Thus, an equivalent 
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So	why	Lynx?	
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Si	K	edge	in	GX	340+0	in	6	ks	
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Lynx	allows	X-Ray	AbsorpXon	Surveys	

X-ray	absorpXon	spectroscopy	is	a	powerful	tool	to	
study	exisXng	forms	of	maZer	in	our	Universe.		
LYNX	allows	us	to	perform	high	resoluXon	X-ray		
absorpXon	surveys	as	effecXvely	as	surveys	are	now	
or	in	very	near	future	quite	common	in	astronomy	
pursued	in	other	wavelength	bands	such	as	opXcal,	IR,	
and	sub-mm. 
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Neutral	(cool)	vs.	lowly	ionized	(warm)	ISM	phases:		C	K,	O	K,	Ne	K																			δ	E	<	0.5	eV	
	
Dust	composiCon	and	variability	in	the	Milky	Way:				Fe	L,	Mg	K,	Si	K	,	Fe	K						δ	E	<	2	eV	
	
Gas	to	dust	raCo	across	the	Milky	Way:																									Mg	K,	Si	K																										δ	E	<	2.5	eV	
	
The	Fe	K	/	L	depth	raCo	across	the	Milky	Way;													Fe	L,	Fe	K																										δ E	<	2	eV																																													

~5000	GalacCc	Sources:	
							Log	fx	=	[-9,	-13]	
							<exposure>	>	1	ks	
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Summary	

X-ray	absorpXon	spectroscopy	is	a	powerful	tool	to	
study	exisXng	forms	of	maZer	in	our	Universe.		
LYNX	allows	us	to	perform	high	resoluXon	X-ray		
absorpXon	surveys	as	effecXvely	as	surveys	are	now	
or	in	very	near	future	quite	common	in	astronomy	
pursued	in	other	wavelength	bands	such	as	opXcal,	IR,	
and	sub-mm. 
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