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Figure 3. Standard broad energy band (see Table 1 and Fig. 2) RGB mosaic image of all XMM–Newton observations within 1◦ of Sgr A⋆ (see Table A1). This represents the deepest X-ray view of the CMZ region
with exposure higher than 0.2 Ms along the Galactic disc and 1.5 Ms in the centre (see Fig. 1). X-ray emission from X-ray binaries, star clusters, SNRs, bubbles and superbubbles, H II regions, PWNs, non-thermal
filaments, nearby X-ray active stars, the supermassive BH Sgr A⋆ and many other features are observed (see Figs 5 and 6). The detector background has been subtracted and adaptive smoothing applied. Residual
features and holes generated by correction of the stray light from GX 3+1 are visible (see also Fig. 1) at Galactic latitudes between l ∼ 1.◦2 and l ∼ 1.◦4 and latitudes b ∼ −0.◦2 and b ∼ 0.◦4.
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above should thus be considered an upper limit to the true
probability. We will address these problems in our
subsequent paper on the point sources.

5.2. Morphology

The emission at the position of Sgr A* appears to be more
extended than that of the point sources CXOGC
J174538.0!290022 and CXOGC J174540.9!290014 (see
Fig. 5). To test this, we computed a background-subtracted
radial profile of the surface brightness about each source.
The source profiles were extracted in 1 pixel wide annuli out
to a radius of 7 pixels. The mean background for each of the
point sources was estimated from an annulus with inner and
outer radii of 7 and 15 pixels, respectively. The outer radius
of the background annulus for Sgr A* was 20 pixels; counts
from several X-ray point sources within this region were
excluded (see x 6).

The radial profiles are shown in Figure 6. The two com-
parison sources are both heavily absorbed, indicating that
they probably lie near the Galactic center. CXOGC
J174538.0!290022 is softer than Sgr A*, while CXOGC
J174540.9!290014 is harder, so they bracket the energy
dependence of the on-axis PSF. Their profiles have been
normalized to match the central peak of the Sgr A* profile.

We fitted a Gaussian model to each profile, but the fits
to Sgr A* and CXOGC J174538.0!290022 were rejected
with 99.996% and 99.968% confidence, respectively. We

then added a constant term to each model to allow for an
excess in the local background. This yielded acceptable fits
to the point sources and a marginally acceptable fit to Sgr
A*, for which the probability of exceeding !2 ¼ 12:3 with 4
degrees of freedom was 1.5%. The best-fit parameters are
presented in Table 2. The curves in Figure 6 show the best-
fit models with those of the point sources normalized to the
Sgr A* profile. The point-source profiles overlap each other
extremely well, while the profile at Sgr A* is nearly twice as
broad at greater than 11 " significance. Additionally, the fit
to Sgr A* indicates the presence of an excess local back-
ground with amean surface brightness of 0:66# 0:16 counts
pixel!2. For comparison, the mean level within the back-
ground annulus for Sgr A* was 1:19# 0:03 counts pixel!2.

A detailed spatial analysis is beyond the scope of this
paper. Here we present a rough estimate of the intrinsic
width of the emission at Sgr A* by subtracting in quadra-
ture the mean standard deviation of the point-source pro-
files from that of the profile at Sgr A*. This yields an
estimate of 1:23# 0:14 pixels or 0>61# 0>07 for the intrin-
sic size of the source. Recall that 100 corresponds to a pro-
jected distance of$0.04 pc at the Galactic center or$105RS
for a 2:6% 106 M& black hole.

The origin of the extended X-ray component at Sgr A* is
unclear. The scale of the structure is consistent with the
expected Bondi accretion radius (100–200; Bondi 1952) for
matter accreting hydrodynamically onto the SMBH either
from the stellar winds of the nearby cluster of He i/H i emis-
sion-line stars (x 9.1.2) or from the hot diffuse plasma that
we observe surrounding Sgr A* (x 9.3). In some models for
Sgr A*, the gas in the accretion flow is thought to be virial-
ized at this distance to a temperature of '107 K, which is
sufficient to emit X-rays in the Chandra passband (x 9.1.1).
One possibility, therefore, is that we have detected X-ray
emission from gas at the Bondi radius of a hot accretion
flow onto Sgr A*. A second possibility is that the extended
emission comes from a cusp of stars or stellar remnants. For
instance, a neutron-star cluster model has been proposed by
Pessah & Melia (2003) to explain the extended emission
reported here. The existence of a stellar cusp—as opposed
to an isothermal distribution with a flat core—in the central
parsec of the Galaxy has been the topic of an ongoing
debate (see Alexander 1999 and references therein). A third

Fig. 6.—Radial profiles of the 0.5–7 keV emission at the positions of Sgr
A* and two point sources. The point-source profiles have been normalized
to match the central peak of the Sgr A* profile (see x 5.2).

TABLE 2

Gaussian+Constant Fits to Radial Profiles

Source Best-Fit Value

Sgr A*:
Standard deviation (pixels).................... 1.45 (1.34–1.56)
Normalization (counts pixel!2) ............. 20.05 (17.56–22.72)
Constant (counts pixel!2) ...................... 0.66 (0.50–0.82)
!2/dof ................................................... 12.3/4

J174538.0!290022:
standard deviation (pixels) .................... 0.76 (0.73–0.80)
Normalization (counts pixel!2) ............. 62.64 (56.60–68.75)
Constant (counts pixel!2) ...................... 0.21 (0.16–0.27)
!2/dof ................................................... 8.0/4

J174540.9!290014:
standard deviation (pixels) .................... 0.75 (0.70–0.80)
Normalization (counts pixel!2) ............. 24.33 (20.72–28.05)
Constant (counts pixel!2) ...................... 0.06 (0.00–0.13)
!2/dof ................................................... 1.6/4
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Figure S.2: Comparison of the radial 1-9 keV intensity profiles of Sgr A* in quiescence (diamonds) and

in flares (triangles, as well as J174538.05-290022.3 (crosses). Both the Sgr A* flare and J174538.05-

290022.3 profiles have been normalized to the intensity of the first bin of the quiescent Sgr A* profile.

This normalization is performed after subtracting the corresponding local background of each profile,

estimated as the median value in the 6′′-8′′ range. The profiles are then shifted to the local background

level (the solid horizontal line) of the quiescent Sgr A* profile.
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Figure 1. Chandra image of central 6′′ around Sgr A*. Point sources and strong
extended features are subtracted.
(A color version of this figure is available in the online journal.)

material with cold molecular material. We exclude both effects
from modeling of an averaged flow pattern.

We construct the surface brightness profile in counts per pixel
squared for the duration of observation as a function of distance
from the BH. The size of Chandra pixel is 0.′′5, which may seem
to pose a limit on radial binning of brightness profile. However,
the position of satellite is not steady over the duration of
observations but is findable with the 0.′′1 accuracy by comparing
with the known positions of bright point sources. Then we can
achieve 0.′′1 super-resolution accuracy in the surface brightness
profile from knowing the orientation of the detector pixels at
any given time. The final profile is shown in Figure 2 (error
bars) together with the PSF (dashed) found from the nearby
point source J174540.9−290014 (Muno et al. 2009). The PSF
is scaled to match the contribution from the point source. The
counts cease to be monotonic at about 5′′ due probably to the
production of X-rays in collisions of cold and hot regions.
Therefore, only radiation within the central 5′′ is to be modeled.
As we are interested in how symmetric the surface brightness
profile is, we divide the emitting region into four sectors 90◦ each
centered on Sgr A* and extract the surface brightness profile in
each sector. The standard deviation of counts between sectors
is below 2σ the noise within 5′′, but rises to several σ outward
from 5′′. This justifies our choice of the outer radiation boundary
and proves the applicability of the radial model. Let us now look
in more details on manufacturing of the X-ray emitting gas.

3. STELLAR WINDS FEEDING

The Galactic Center region has a concentration of massive
Wolf-Rayet and blue giant stars, expelling strong winds from
their surfaces (Martins et al. 2007). As the strongest wind
emitters are usually the brightest stars, all wind emitters are
easily identifiable. We take the latest data on ejection rates
and velocities (Martins et al. 2007; Cuadra et al. 2008) and

Figure 2. Observed radial surface brightness profile (error bars), best fit (solid),
and the point source contribution to emission (dashed). The point source
contribution is the scaled PSF.
(A color version of this figure is available in the online journal.)

complement them with the orbital parameters of stars (Paumard
et al. 2006; Lu et al. 2009). Following Cuadra et al. (2008), we
minimize eccentricities for the stars not belonging to the stellar
disks as identified by Lu et al. (2009). The wind speeds vw and
ejection rates are taken directly from Cuadra et al. (2008).

There are several ways to treat the winds. Rockefeller et al.
(2004) performed a simulation with winds from steady stars,
whereas Cuadra et al. (2008) considered moving stars. In both
cases, the time to reach the quasi-steady solution 300–1000 yr is
comparable to or longer than the orbital period at the stagnation
point 350 yr. Thus, it is reasonable to average over stellar
orbits in a search for a steady-state prescription of feeding.
We reconstruct the full 3D orbits, but retain only the apocenter
and pericenter distances for the stars. We smooth the total wind
ejection rate for each star over the radial extent of its orbit
and then smooth with the narrow Gaussian filter to eliminate
the divergences at the turning points. We add the resultant
feeding profiles together to obtain the total feeding rate as a
function of radius (see Figure 3). We square average the wind
velocities weighing the contribution of each star by its mass-
loss rate. However, the winds also acquire the velocity of a
star as viewed by a distant observer. We neglect stars’ proper
motions in calculations of wind energy. They are negligible at
several arcseconds, but would rather contribute to the angular
velocity of matter within 1′′, where feeding is dominated by few
stars. The dependence of the averaged wind speed on radius
is shown in Figure 3. Quataert (2004) assumed the power-law
mass injection rate q(r) ∝ r−η for r ∈ [2′′, 10′′]. The power-
law index η = 2 corresponds to zero slope of Ṁ(r) ∝ r2q(r)
(see Figure 3) and agrees better with the present calculations,
whereas their choice of constant wind velocity does not agree
with the present estimate.

We also incorporate S02 star (Martins et al. 2008) into the
calculations. The mass-loss rate ṀS02 = 6 × 10−8 M⊙ year−1

of S02 is taken to coincide with that of τ Sco. S02 has a
spectral type B0 − 2.5V and a mass M ≈ 16 M⊙ (Mokiem
et al. 2005; Martins et al. 2008), whereas τ Sco has a very close
type B0.2V and a mass M ≈ 15 M⊙ (Mokiem et al. 2005).
The inferred accretion rate onto the BH (Sharma et al. 2007a,
2007b) 3 × 10−8 M⊙ year−1 is actually smaller than ṀS02, thus
the whole accreted material can in principle be provided by
a single weak wind emitter. This result is very different from
Cuadra et al. (2008), who assumed that all the matter accretes
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Figure 1. Top: combined zeroth- and first-order 2–8 keV Chandra X-ray light curve of Sgr A∗ in 300 s bins for the entire 2012 XVP campaign with gaps removed;
events are extracted from a 2.5 pixel radius circular region around the source for the zeroth order and 5 pixel wide rectangular regions for the first-order light curves. A
number of flares of varying intensity are apparent, and are indicated by dotted red lines. Short blue horizontal lines indicate sample observations shown in the bottom
panel. Bottom: sample light curves of an observation with (left) and without (right) detected flares. ObsID 13854 (left) shows four moderately bright flares within
20 ks.
(A color version of this figure is available in the online journal.)

photons, and grating order tolerances of ±0.2. Since much of
the background emission is found in the first order (Section 4), a
search of the zeroth order alone would also have good sensitivity
to flares. But the first order is essential for pileup calibration
(Section 4.1.1), and we prefer to use the same events to detect,
characterize, and calibrate our flares.

3. LIGHT CURVES AND FLARE DETECTION

The resulting X-ray light curves are shown in Figure 1.
For observations spread over nine months and a number of
spacecraft roll angles (which affects the diffuse emission in the
grating extraction regions), there is remarkably little variation
in the quiescent level (Table 1). Highlighting the stability of
the baseline emission are the numerous narrow flares, which
appear in over half of the 2012 observations (Table 1). Most
apparent is the large flare early in the campaign, described
in detail in Nowak et al. (2012), which is the brightest X-ray
flare ever observed from Sgr A∗ (see also Porquet et al. 2003).
Figure 1 includes several comparably bright flares and numerous
moderate and weak flares. One 2 day observation (ObsID 13840)
contains no flares, which is consistent with the average rate of
∼1 flare day−1 (Section 5).

In order to detect and characterize these X-ray flares, we
use an algorithm based on direct fits to the X-ray light curves
shown in Figure 1. There are systematic uncertainties associated
with any particular choice of search algorithm; the robustness
of our search and an alternative method (the Bayesian Blocks
routine; Scargle et al. 2013) are discussed in the Appendix.
Here, we fit the 2–8 keV light curves with a model consisting
of a constant baseline and Gaussian components to represent
the flares. Because the count rates are small, we use the Cash
statistic (Cash 1979) and the subplex fit method.

After a first pass to estimate the baseline count rate, we per-
form an automated search for narrow flares on an observation-
by-observation basis. In the algorithm, each time bin is exam-
ined: if the count rate is below the (fixed) quiescent level, it
is ignored (see Section 4.4.1 for a comparison of the data to
a Poisson process). Otherwise, we add a “flare” at the center
of the bin: a faint narrow Gaussian with an initial 1σ width
σt = 150 s. We fit for the flare amplitude and then allow σt

to vary as well. We restrict σt to be between 100 s and 1600 s
(empirically determined limits, below which the bin size starts
to become large relative to the flare FWHM and above which
confusion from nearby flares can interfere with the search pro-
cess). If the resulting amplitude is larger than the quiescent level
at 99% confidence for a single trial, the Gaussian component
is identified as a real flare, and we fit for the best amplitude,
center, and width.

Because the brightest flare (Nowak et al. 2012) showed
marked asymmetry, we also perform a search for time sub-
structure in the detected flares. Leaving the initial (significant)
component free, we add additional “subflares” as above, with
flare center times constrained to occur within ±2σt of the main
component, until additional substructure is no longer significant
at the 90% level. The substructure is equally likely to appear
before and after the peak. Finally, once all flares and substruc-
ture have been identified, we calculate 90% confidence limits
for each parameter, including the background level. We define
the start (stop) time of a flare to be the minimum (maximum)
value of the 2σt lower (upper) limits for all its subflares. For
each flare, we tabulate the start and stop times, durations, back-
ground count rates, rise and decay times, and note whether the
flare was truncated by the beginning or end of an observation.
We use customized models to fit for the peak count rate and
the fluence within the start and stop times of each flare directly
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The future of X-ray astronomy: Assumptions

State of the field:  
Why high resolution imaging matters

1. Lynx imaging resolution will at least be the same as Chandra

2. We will have X-ray IFUs (micro-calorimeters) in space



1. Lynx imaging resolution will at least as good as Chandra

Chandra Deep Field South (NASA) 3C 273 as seen by Chandra
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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)

McCollough et al. (2013) 
McCollough, Corrales, & Dunham (2016)

Cyg X-3’s Little Friend

1. Lynx imaging resolution will at least as good as Chandra



2. We will have X-ray IFUs (micro-calorimeters) in space

twitter: @kittenblue0706

XARM (based on Astro-H)


Resolution ~ 1.7 arcmin HPD

Effective Area ~ 200 sq cm

Athena 

Resolution ~ 5-10’’ HEW

Effective Area ~ 200 sq cm



The future of X-ray astronomy: Assumptions

State of the field:  
Why high resolution imaging matters

1. Lynx imaging resolution will at least be the same as Chandra

2. We will have X-ray IFUs (micro-calorimeters) in space

ISM and dust studies with an X-ray IFU
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Spectrum of dust scattered light should have features  
coincident with absorption edge structure from constituent elements
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The future of X-ray astronomy: Assumptions

State of the field:  
Why high resolution imaging matters

1. Lynx imaging resolution will at least as good as Chandra

2. We will have X-ray IFUs (micro-calorimeters) in space

The future of X-ray astronomy: Limitations



1. Limits on observing bright sources
Instrument tolerance


Non-linear detector behavior

Telemetry saturation
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1. Limits on observing bright sources
Instrument tolerance


Non-linear detector behavior

Telemetry saturation

Gratings increase tolerance

Dispersing light prevents 

non-linear effects (in most cases)

Use tricks!

— Readout streak [calibration needed]

— De-focus [problematic]

Faster readout time

GX 13+1



Athena may not be capable of observing brightest X-ray binaries

1. Limits on observing bright sources

Will Lynx be different?



High resolution imaging helps resolve out background point sources (CXB)


Orbit choice — intensity and stability


Background from gratings instruments is inherently lower

2. Limits from background
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2. Limits from background

~1 Ms ACIS-I ~3 Ms HETG (ACIS-S)
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2. Limits from background

Deeper stellar and AGN surveys

Study structure of diffuse hot gas in more detail


Dust scattering halos and echoes
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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.

Heinz et al. (2015)
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bottom panel of Fig. 2, showing three bright flares as well
as ongoing lower level activity through the period from
MJD 57192 to 57200. The lightcurve was generated us-
ing standard pipeline processing of all INTEGRAL data
taken during the outburst using the OSA software version
10.2.
The coverage by the telescope is continuous for most

of the 72 hour orbital period of the spacecraft, however,
the temporal coverage (again plotted as gray and white
bars above the light curve) shows significant gaps dur-
ing near-Earth passage, many overlapping with the gaps
in BAT coverage, with a duty cycle of 40%, giving an
approximate combined duty cycle of 48% of both tele-
scopes.
INTEGRAL’s hard X-ray SPI telescope also observed

the source during the flare (Rodriguez et al. 2015; Ku-
ulkers 2015); the 20-100 keV lightcurve is shown in panel
2 of Fig. 2, displaying the main flare as well as what ap-
pears to be a hard pre-cursor not visible in the JEMX
lightcurve. The SPI lightcurve does not cover most of
the time prior to the main flare.
Consequently, a full reconstruction of the hard X-ray

lightcurve is not possible from the available coverage.
Furthermore, the analysis of the echo requires knowledge
of the soft X-ray lightcurve (1-3 keV). No instrument ob-
served the source continuously in that band. However, as
we will show in §3.4, it is possible to reconstruct the soft
X-ray lightcurve of the outburst (with relatively low tem-
poral resolution) from the Chandra images of the inner
rings of the echo.

2.2. Chandra

Chandra observed V404 Cyg on 07-11-2015 for 39.5
ksec (ObsID 17701) and on 07-25-2015 for 28.4 ksec (Ob-
sID 17704), as listed in Table 1. ObsID 17701 was taken
with the High Energy Transmission Grating (HETG) in
place, using ACIS CCDs 5,6,7,8, and 9, while ObsID
17704 was performed in full-frame mode without grat-
ings, using ACIS CCDs 2,3,5,6,7, and 8. Because of the
potential threat of lasting chip damage a re-flaring of
the point source would have posed to ACIS12, the point
source in ObsID 17704 was placed in the chip gap be-
tween ACIS S and ACIS I using a SIM O↵set of 17.55mm,
and Y- and Z-O↵sets of 1’.0 and -0’.3, respectively.
We reduced the data using CIAO and CALDB version

4.7. Because of the very small number of point sources
visible in the field of view, we relied on the Chandra
aspect solution of the observations to align the images.
The accuracy of the aspect solution is typically much
better than one arcsecond and su�cient for the purposes
of this analysis.
ObsID 17704 was background subtracted using the

standard blank sky fields as described in the CIAO thread
and Hickox & Markevitch (2006), matching hard counts
above 10 keV in each CCD separately with the cor-
responding blank sky background files to calculate the

12 For a source at several tens of Crab like V404 Cygni at its
peak, the accumulated number of counts in a given pixel over a
30ksec observation will exceed the single-observation dose limit of
625,000 counts set on page 143 of the Cycle 18 Proposer’s Ob-
servatory Guide, requiring mitigation. Even an increased dither
amplitude in such a case will not eliminate the potential for dam-
age, leaving placement of the source o↵ the chip as the only secure
means to avoid damage.

Fig. 3.— Three-color exposure-corrected image of Chandra obsID
17704 in the 0.5-1,1-2, and 2-3 keV bands (red, green, and blue,
respectively), smoothed with a 10”.5 FWHM Gaussian. Arrow
heads denote the brightest arclets of the inner two rings [a] and
[b]. Overlaid are marks and labels denoting the location and spatial
extent of spectral extraction regions of the eight rings identified in
this paper.

e↵ective exposure correction of the background. A
three color image in the bands 0.5-1, 1-2, and 2-3 keV,
smoothed with a 10”.5 Gaussian, is shown in Fig. 3. The
image was extracted in equatorial (J2000) coordinates
and also shows a compass with the axes of Galactic co-
ordinates for orientation (Galactic North is at a position
angle of about 55�).
Background point sources in all images were identified

using the wavdetect code in the CIAO package (Freeman
et al. 2002) and removed before further processing. The
image shows six clearly resolved, distinct rings of dust
scattering emission which we label [a], [b], [c], [d], [e],
and [g] from inside out in the analysis below (see corre-
sponding labels in Fig. 4).
Because no blank background files exist for HETG

data, and because the presence of the HETG signifi-
cantly a↵ects the background rates, we were not able
to derive accurate backgrounds for ObsID 17701. Nei-
ther stowed nor blank background files produce residual-
free background-subtracted images, which we attribute
to the fact that soft protons focused by the mirrors are
a↵ected by the presence of the gratings, implying that
neither blank nor stowed files are appropriate to use for
HETG observations. Figure 5 shows a three color image
of ObsID 17701 without background subtraction. Only
the innermost rings of the echo, rings [a] and [b] in our
notation below, are su�ciently above the background in
ObsID 17701 to discern them by eye in the image.
The rings in the Chandra images are very sharp. For

further analysis, we constructed radial intensity profiles
for both ObsID 17701 and 17704 following the procedure
outlined in Heinz et al. (2015), using 1000 logarithmically
spaced radial bins between 3 and 20 arcminutes from the
location of V404 Cyg.
The point-source position for ObsID 17701 is coinci-

dent with the known position of V404 Cyg. As men-
tioned above, for instrument safety reasons, the point
source was placed in the chip gap between ACIS S and
ACIS I in ObsID 17704. Using the profiles in five dif-
ferent 15 degree segments in the North-West quadrant
of the inner rings [a] and [b] (all located on ACIS CCD
6), we verified that the centroid of the rings is coincident
with the known position of V404 Cyg to within about
an arcsecond, indicating that the Chandra aspect solu-
tion is accurate. No further reprojection of the aspect

Heinz, Corrales, et al. (2016)
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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.
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bottom panel of Fig. 2, showing three bright flares as well
as ongoing lower level activity through the period from
MJD 57192 to 57200. The lightcurve was generated us-
ing standard pipeline processing of all INTEGRAL data
taken during the outburst using the OSA software version
10.2.
The coverage by the telescope is continuous for most

of the 72 hour orbital period of the spacecraft, however,
the temporal coverage (again plotted as gray and white
bars above the light curve) shows significant gaps dur-
ing near-Earth passage, many overlapping with the gaps
in BAT coverage, with a duty cycle of 40%, giving an
approximate combined duty cycle of 48% of both tele-
scopes.
INTEGRAL’s hard X-ray SPI telescope also observed

the source during the flare (Rodriguez et al. 2015; Ku-
ulkers 2015); the 20-100 keV lightcurve is shown in panel
2 of Fig. 2, displaying the main flare as well as what ap-
pears to be a hard pre-cursor not visible in the JEMX
lightcurve. The SPI lightcurve does not cover most of
the time prior to the main flare.
Consequently, a full reconstruction of the hard X-ray

lightcurve is not possible from the available coverage.
Furthermore, the analysis of the echo requires knowledge
of the soft X-ray lightcurve (1-3 keV). No instrument ob-
served the source continuously in that band. However, as
we will show in §3.4, it is possible to reconstruct the soft
X-ray lightcurve of the outburst (with relatively low tem-
poral resolution) from the Chandra images of the inner
rings of the echo.

2.2. Chandra

Chandra observed V404 Cyg on 07-11-2015 for 39.5
ksec (ObsID 17701) and on 07-25-2015 for 28.4 ksec (Ob-
sID 17704), as listed in Table 1. ObsID 17701 was taken
with the High Energy Transmission Grating (HETG) in
place, using ACIS CCDs 5,6,7,8, and 9, while ObsID
17704 was performed in full-frame mode without grat-
ings, using ACIS CCDs 2,3,5,6,7, and 8. Because of the
potential threat of lasting chip damage a re-flaring of
the point source would have posed to ACIS12, the point
source in ObsID 17704 was placed in the chip gap be-
tween ACIS S and ACIS I using a SIM O↵set of 17.55mm,
and Y- and Z-O↵sets of 1’.0 and -0’.3, respectively.
We reduced the data using CIAO and CALDB version

4.7. Because of the very small number of point sources
visible in the field of view, we relied on the Chandra
aspect solution of the observations to align the images.
The accuracy of the aspect solution is typically much
better than one arcsecond and su�cient for the purposes
of this analysis.
ObsID 17704 was background subtracted using the

standard blank sky fields as described in the CIAO thread
and Hickox & Markevitch (2006), matching hard counts
above 10 keV in each CCD separately with the cor-
responding blank sky background files to calculate the

12 For a source at several tens of Crab like V404 Cygni at its
peak, the accumulated number of counts in a given pixel over a
30ksec observation will exceed the single-observation dose limit of
625,000 counts set on page 143 of the Cycle 18 Proposer’s Ob-
servatory Guide, requiring mitigation. Even an increased dither
amplitude in such a case will not eliminate the potential for dam-
age, leaving placement of the source o↵ the chip as the only secure
means to avoid damage.

Fig. 3.— Three-color exposure-corrected image of Chandra obsID
17704 in the 0.5-1,1-2, and 2-3 keV bands (red, green, and blue,
respectively), smoothed with a 10”.5 FWHM Gaussian. Arrow
heads denote the brightest arclets of the inner two rings [a] and
[b]. Overlaid are marks and labels denoting the location and spatial
extent of spectral extraction regions of the eight rings identified in
this paper.

e↵ective exposure correction of the background. A
three color image in the bands 0.5-1, 1-2, and 2-3 keV,
smoothed with a 10”.5 Gaussian, is shown in Fig. 3. The
image was extracted in equatorial (J2000) coordinates
and also shows a compass with the axes of Galactic co-
ordinates for orientation (Galactic North is at a position
angle of about 55�).
Background point sources in all images were identified

using the wavdetect code in the CIAO package (Freeman
et al. 2002) and removed before further processing. The
image shows six clearly resolved, distinct rings of dust
scattering emission which we label [a], [b], [c], [d], [e],
and [g] from inside out in the analysis below (see corre-
sponding labels in Fig. 4).
Because no blank background files exist for HETG

data, and because the presence of the HETG signifi-
cantly a↵ects the background rates, we were not able
to derive accurate backgrounds for ObsID 17701. Nei-
ther stowed nor blank background files produce residual-
free background-subtracted images, which we attribute
to the fact that soft protons focused by the mirrors are
a↵ected by the presence of the gratings, implying that
neither blank nor stowed files are appropriate to use for
HETG observations. Figure 5 shows a three color image
of ObsID 17701 without background subtraction. Only
the innermost rings of the echo, rings [a] and [b] in our
notation below, are su�ciently above the background in
ObsID 17701 to discern them by eye in the image.
The rings in the Chandra images are very sharp. For

further analysis, we constructed radial intensity profiles
for both ObsID 17701 and 17704 following the procedure
outlined in Heinz et al. (2015), using 1000 logarithmically
spaced radial bins between 3 and 20 arcminutes from the
location of V404 Cyg.
The point-source position for ObsID 17701 is coinci-

dent with the known position of V404 Cyg. As men-
tioned above, for instrument safety reasons, the point
source was placed in the chip gap between ACIS S and
ACIS I in ObsID 17704. Using the profiles in five dif-
ferent 15 degree segments in the North-West quadrant
of the inner rings [a] and [b] (all located on ACIS CCD
6), we verified that the centroid of the rings is coincident
with the known position of V404 Cyg to within about
an arcsecond, indicating that the Chandra aspect solu-
tion is accurate. No further reprojection of the aspect
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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)
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3. Soft X-ray Sensitivity

Gratings are more ideal for soft X-ray spectroscopy

1. Lynx imaging resolution will at least as good as Chandra



Gratings are more ideal for spectroscopy of neutral metals
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ABSTRACT

:H�SUHVHQW�WKH�GHVLJQ�DQG�VFLHQWLÀF�PRWLYDWLRQ�IRU�$UFXV��DQ�;�UD\�JUDWLQJ�VSHFWURPHWHU�PLVVLRQ�WR�EH�GHSOR\HG�RQ�WKH�
,QWHUQDWLRQDO�6SDFH�6WDWLRQ���7KLV�PLVVLRQ�ZLOO�REVHUYH�VWUXFWXUH�IRUPDWLRQ�DW�DQG�EH\RQG�WKH�HGJHV�RI�FOXVWHUV�DQG�JDO�
D[LHV��IHHGEDFN�IURP�VXSHUPDVVLYH�EODFN�KROHV��WKH�VWUXFWXUH�RI�WKH�LQWHUVWHOODU�PHGLXP�DQG�WKH�IRUPDWLRQ�DQG�HYROXWLRQ�
RI�VWDUV���7KH�PLVVLRQ�UHTXLUHPHQWV�ZLOO�EH�5!�����DQG�!����FP��RI�HIIHFWLYH�DUHD�DW�WKH�FUXFLDO�2�9,,�DQG�2�9,,,�OLQHV��
YDOXHV�VLPLODU�WR�WKH�JRDOV�RI�WKH�,;2�;�UD\�*UDWLQJ�6SHFWURPHWHU��7KH�IXOO�EDQGSDVV�ZLOO�UDQJH�IURP�����c�����������
NH9���ZLWK�DQ��RYHUDOO�PLQLPXP�UHVROXWLRQ�RI������DQG�HIIHFWLYH�DUHD�!����FP����:H�ZLOO�XVH�WKH�VLOLFRQ�SRUH�RSWLFV�
GHYHORSHG�DW�FRVLQH�5HVHDUFK�DQG�SURSRVHG�IRU�(6$·V�$WKHQD�PLVVLRQ��SDLUHG�ZLWK�RII�SODQH�JUDWLQJV�EHLQJ�GHYHORSHG�
DW�WKH�8QLYHUVLW\�RI�,RZD�DQG�FRPELQHG�ZLWK�0,7�/LQFROQ�/DEV�&&'V���7KLV�PLVVLRQ�DFKLHYHV�NH\�VFLHQFH�JRDOV�RI�WKH�
1HZ�:RUOGV��1HZ�+RUL]RQV�'HFDGDO�VXUYH\�ZKLOH�PDNLQJ�HIIHFWLYH�XVH�RI�WKH�,QWHUQDWLRQDO�6SDFH�6WDWLRQ��,66����

1. INTRODUCTION

7KH�KLJKO\�HQHUJHWLF�SURFHVVHV�LQYROYHG�LQ�WKH�IRUPDWLRQ�
RI�JDOD[LHV�DQG�FOXVWHUV��WKH�RXWÁRZV�IURP�VXSHUPDVVLYH�
EODFN�KROHV��DQG�VWHOODU�FRURQD�PDJQHWRVSKHUHV�DOO�OHDYH�
VLJQDWXUHV�LQ�WKH�IRUP�RI�KLJKO\�LRQL]HG�PHWDOV�ZLWK�FKDUDF�
WHULVWLF�WHPSHUDWXUH��GHQVLW\��DQG�YHORFLW\�GLVWULEXWLRQV��7KH�
;�UD\�JUDWLQJV�RQ�&KDQGUD��+(7*��/(7*��DQG�WKH�;00�
1HZWRQ��5*6��VDWHOOLWHV�KDYH�VDPSOHG��ZLWK�ORQJ�REVHUYD�
WLRQV�RI�WKH�EULJKWHVW�REMHFWV��VRPH�RI�WKH�VFLHQFH�HQDEOHG�E\�
KLJK�UHVROXWLRQ�VRIW�;�UD\�VSHFWURVFRS\������������7KH�FXUUHQW�
JHQHUDWLRQ�RI�;�UD\�JUDWLQJV��KRZHYHU��KDYH�RQO\�PRGHVW�
UHVROXWLRQV��5a����������DQG�HIÀFLHQFLHV�RI�RQO\�D�IHZ�SHU�
FHQW��OLPLWLQJ�PRVW�VWXGLHV�WR�RQO\�D�IHZ�VRXUFHV��7R�PDNH�
VXEVWDQWLDO�SURJUHVV�LQ�WKLV�DUHD��D�PDMRU�OHDS�LQ�FDSDELOLWLHV��
ERWK�UHVROXWLRQ�DQG�HIIHFWLYH�DUHD��ZLOO�EH�UHTXLUHG���)RU�
WXQDWHO\��UHFHQW�DGYDQFHV�LQ�JUDWLQJ�WHFKQRORJ\�DQG�;�UD\�
RSWLFV�KDYH�HQDEOHG�VXFK�D�OHDS�DW�D�PRGHVW�FRVW��DV�VKRZQ�LQ�
)LJXUHV�������DQG����$UFXV��/DWLQ�IRU�¶DUF·�RU�¶UDLQERZ·��LV�D�
SURSRVHG�60(;������0�FDS��PLVVLRQ�WR�EH�LQVWDOOHG�RQ�WKH�,66���,W�ZLOO�XVH�WKH�RII�SODQH�JUDWLQJV��WKDW�KDYH�EHHQ�XQGHU�
GHYHORSPHQW�IRU�&RQVWHOODWLRQ�;�DQG�,;27��FRPELQHG�ZLWK�WKH�VLOLFRQ�SRUH�RSWLFV��SODQQHG�IRU�XVH�RQ�(6$·V�XSFRPLQJ�
$WKHQD�PLVVLRQ��7KH�IRFDO�SODQH�ZLOO�XVH�WKH�FXUUHQW�JHQHUDWLRQ�RI�&&'V�EDVHG�RQ�WKH�6X]DNX9�GHVLJQ��ZLWK�HOHFWURQLFV�
VLPLODU�WR�WKDW�RI�6ZLIW���DQG�WKH�XSFRPLQJ�7(66���PLVVLRQ��WKH�SRLQWLQJ�V\VWHP�DQG�PLVVLRQ�RSHUDWLRQV�ZLOO�EH�VLPLODU�WR�
WKRVH�SODQQHG�IRU�1,&(5����:H�GHVFULEH�EHORZ�WKH�VFLHQFH��LQVWUXPHQWDWLRQ��DQG�RSHUDWLRQV�SODQ�IRU�$UFXV��

   
2. THE SCIENCE OF ARCUS

7KH�VRIW�;�UD\�EDQGSDVV�IURP�����c�FRQWDLQV�VWURQJ�WUDQVLWLRQV�IURP�DEXQGDQW�DWRPV�DQG�LRQV�RYHU�D�EURDG�UDQJH�RI�
WHPSHUDWXUHV�DQG�LRQL]DWLRQ�SDUDPHWHUV��HQDEOLQJ�VWXGLHV�RI�D�ZLGH�YDULHW\�RI�VFLHQFH�WRSLFV���'XULQJ�WKH�SULPH�PLVVLRQ��
ZH�ZLOO�IRFXV�RQ�WKUHH�VSHFLÀF�DUHDV��VWUXFWXUH�IRUPDWLRQ��VXSHUPDVVLYH�EODFN�KROH��60%+��IHHGEDFN��DQG�VWHOODU�IRUPD�
WLRQ�DQG�HYROXWLRQ���:H�EULHÁ\�GHVFULEH�RXU�VSHFLÀF�VFLHQFH�SODQV�IRU�HDFK�DUHD�KHUH���

.H\ZRUGV��JUDWLQJV��,66��LQVWUXPHQWDWLRQ��;�UD\V��VSHFWURVFRS\�

)LJXUH���±�$UFXV�¿JXUH�RI�PHULW�IRU�GHWHFWLQJ�ZHDN�OLQHV�FRP-
SDUHG�WR�H[LVWLQJ�DQG�IXWXUH�PLVVLRQV��
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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),

Neutral and near-neutral phases of 

the two most abundant metals
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High resolution imaging:  
Crowded star fields


Galactic Center science

Dust scattering edge structure

Reducing background: 
Deeper surveys (point sources and diffuse)


Dust scattering echoes

Increasing spectroscopic S/N

Ability to study bright sources: 
Accretion disk and stellar physics from bright X-ray binaries


Study multi-phase ISM in extinction

Soft X-ray sensitivity: 
Study the most abundant metals in the Universe


Astromineralogy and multi-phase ISM

Access to higher redshift Universe



High resolution imaging:  
Crowded star fields


Galactic Center science

Dust scattering edge structure

Reducing background: 
Deeper surveys (point sources and diffuse)


Dust scattering echoes

Increasing spectroscopic S/N

Ability to study bright sources: 
Accretion disk and stellar physics from bright X-ray binaries


Study multi-phase ISM in extinction

Soft X-ray sensitivity: 
Study the most abundant metals in the Universe


Astromineralogy and multi-phase ISM

Access to higher redshift Universe



High resolution imaging:  
Crowded star fields


Galactic Center science

Dust scattering edge structure

Reducing background: 
Deeper surveys (point sources and diffuse)


Dust scattering echoes

Increasing spectroscopic S/N

Ability to study bright sources: 
Accretion disk and stellar physics from bright X-ray binaries 

Study multi-phase ISM in extinction

Soft X-ray sensitivity 
Study the most abundant metals in the Universe


Astromineralogy and multi-phase ISM

Access to higher redshift Universe

Gratin
gs


