
Multi-wavelength datasets

rules. The short total exposure time and the fact that the
exposures were spread over a time window of 11 days make the
Swift data unsuitable for the analysis presented in this paper.

2.1.1. Chandra Observations

In the 3.5 binary orbits preceding the first Chandra
observation, as well as during the months prior to the flare,
the source was quiescent, below the MAXI detection threshold.
We observed the source on two occasions with Chandra, on
2014 January 25 for 125 ks, and on 2014 January 31 for 55 ks,
listed as ObsID 15801 and 16578, respectively. The point
source was at very low flux levels during both observations.
Circinus X-1 was placed on the ACIS S3 chip.

Data were pipeline processed using CIAO software version
4.6.2. Point sources were identified using the wavdetect
(Freeman et al. 2002) task and ObsID 16578 was reprojected to
match the astrometry of ObsID 15801. For comparison and
analysis purposes, we also reprocessed ObsID 10062 (2009)
with CIAO 4.6.2 and reprojected it to match the astrometry of
ObsID 15801.

We prepared blank background images following the
standard CIAO thread (see also Hickox & Markevitch 2006),
matching the hard (>10 keV) X-ray spectrum of the back-
ground file for each chip.

Figure 4 shows an exposure-corrected, background-sub-
tracted three-color image of the full ACIS field of view (FOV)
captured by the observation (ACIS chips 2, 3, 6, 7, and 8 were
active during the observation), where red, green, and blue
correspond to the 1–2, 2–3, and 3–5 keV bands, respectively.
Point sources were identified using wavdetect in ObsIDs
10062, 15801, and 16578, source lists were merged and point
sources were removed from imaging and spectral analysis. The
read streak was removed and the image was smoothed with a
10″. 5 FWHM Gaussian in all three bands.

The image shows the X-ray binary point source, the X-ray
jets (both over-exposed in the center of the image), and the
supernova remnant in the central part of the image around the
source position at 15:20:40.9, −57:10:00.1 (J2000).

The image also clearly shows at least three bright rings that
are concentric on the point source. The first ring spans from 4.2
to 5.7 arcmin in radius, the second ring from 6.1 to 8.2 arcmin,
and the third from 8.3 to 11.4 arcmin in radius, predominantly
covered by the eastern chips 2 and 3. We will refer to these
rings as rings [a]–[c] from the inside out, respectively. An
additional ring-like excess is visible at approximately
13 arcmin in radius, which we will refer to as ring [d].
As we will lay out in detail in Section 4, we interpret these

rings as the dust-scattering echo from the bright flare in 2013
October–December, with each ring corresponding to a distinct
concentration of dust along the line of sight to Circinus X-1. A
continuous dust distribution would not produce the distinct,
sharp set of rings observed by Chandra.
The rings are also clearly visible in ObsID 16578, despite the

shorter exposure and the resulting lower signal-to-noise. In
ObsID 16578, the rings appear at ∼4% larger radii, consistent
with the expectation of a dust echo moving outward in radius
(see also Section 3.2 and Equation (10)). The rings are easily
discernible by eye in the energy bands from 1 to 5 keV.
Even though the outer rings are not fully covered by the

Chandra FOV, it is clear that the rings are not uniform in
brightness as a function of azimuthal angle. There are clear
intensity peaks at [15:21:00, −57:06:30] in the inner ring [a] and
at [15:20:20, −57:16:00] in ring [b] of ObsID 15801. Generally,
ring [c] appears brighter on the southeastern side of the image.
The deviation from axisymmetry observed here differs from

almost all other observations of dust scattering signatures,
which typically appear to be very uniform in azimuth. For
example, a detailed investigation of the dust scattering halo
of Cygnus X-2 found that the profile deviated by only
about 2% from axisymmetry (Seward & Smith 2013). The
only comparable observational signature of non-symmetric

Figure 3. MAXI 2–4 keV light curve 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
(T MJD 566830 15801� � ). Red triangle symbols indicate periastron at orbital
phase zero (Nicolson 2007).

Figure 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.
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component is significantly enhanced in [a11] relative to [a12],
the one at v 74 km srad

1� � � . We can therefore unequivocally
identify velocity component 2CO at 74 km s 1� � as the one
responsible for ring [a].

The middle panel of Figure 14 shows the difference 12CO
spectrum of [b6] minus [b7], where the light echo is
significantly brighter in [b6] than [b7]. In this case, two 12CO

velocity components are significantly enhanced in [b6]
relatively to [b7], component 1CO at v 80 km srad

1_ � � and
component 4CO at v 32 km srad

1_ � � . While we cannot
uniquely identify which velocity component is responsible
for ring [b] from the spectra alone, we can rule out components
2CO and 3CO.

Finally, ring [c] does not show a single clearly X-ray
enhanced section relative to neighboring ones. Instead, the
southern sections [c5:c8] are significantly enhanced relative to
the northern sections [c1:c4]. We therefore plot the difference
CO spectrum of sections [c5] through [c8] minus sections [c1]
through [c4] (top panel of Figure 14). In this case, all four
velocity components are enhanced in [c5:c8] relative to [c1:c4],
and we cannot identify even a subset that is responsible for ring
[c] from the difference spectrum alone.

Figure 15. Adaptively smoothed Mopra 12CO image of component 2CO in the
velocity range 76� to 72 km s 1� � . The image shows a clear lane of dense
molecular gas across the image. Overlaid for comparison is the angular grid
used to denote rings in Figure 8. Connected blue dots are the local surface
brightness peaks in ring [a11] from Chandra ObsID 15801, XMM ObsID
0729560501, and XMM ObsID 0729560601, showing a clear spatial
coincidence with the CO lane. Also overlaid are the centroids (dots) and
FWHMs (arcs) of the peaks in the angular intensity distributions of rings [a]–
[d] from inside out in blue, green, yellow, and red, respectively, determined
from spectral fits to Chandra ObsID 15801 in 10° segments for each ring. Note
that the arc for ring [a] denotes the secondary peak. The peak of ring [c] is close
to the chip edge, indicated by the arrow denoting the lower limit to the ring
extent.

Figure 16. Adaptively smoothed Mopra 12CO image of component 1CO in the
velocity range 85� to 75 km s 1� � , with the same nomenclature as in Figure 15.
The CO emission in this band shows a clear peak at locations [b5] and [b6],
matching the intensity distribution of X-ray ring [b] (green ring segment).

Figure 17. Adaptively smoothed Mopra 12CO image of component 2CO,b in the
velocity range 72� to 67 km s 1� � , with the same nomenclature as in Figure 15.
The CO intensity peak matches the centroid of X-ray ring [c] (yellow arc).

Figure 18. Adaptively smoothed Mopra 12CO image of component 3CO in the
velocity range 60� to 48 km s 1� � , with the same nomenclature as in Figure 15.
The CO intensity peak in the southern half matches the location of the intensity
peak of ring [d] (limited to the Chandra FOV; red arc).
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3.3.2. CO Images

In order to compare the ring emission with the
spatial distribution of cold gas and dust in the different velocity
components identified in Figure 13, we extracted images
around the peak of each velocity component, adaptively
smoothed to remove noise in velocity channels of low-intensity
while maintaining the full Mopra angular resolution in
bright velocity channels. We employed a Gaussian spatial
smoothing kernel with width 1.5T � a q{1.0 0.9�

v vexp[ ( ) (2 )}peak CO
2T� � , where vpeak and COT are the peak

velocity and the dispersion of Gaussian fits to the summed CO
spectra shown in Figure 14. This prescription was chosen
heuristically to produce sharp yet low-noise images of the
different CO clouds.

The CO intensity maps can be compared with the locations
of excess X-ray dust scattering to identify potential CO clouds
responsible for the different rings, supporting the spectral
identification of possible velocity components in Section 3.3.1
and Figure 14. To quantify the deviation of the X-ray rings
from axi-symmetry and for comparison with the CO data, we
constructed azimuthal intensity profiles of the rings from
Chandra ObsID 15801 in 10° bins, following the same spectral
fitting procedure used to construct Figures 6 and 7. Ring radii
in the ranges [a]: 4′–6′, [b]: 6′–8′, [c]: 9′–10 ′. 5, and [d]:
11 ′. 5–12 ′. 75 were chosen to best isolate each ring. The
centroids and FWHM of the intensity peaks determined from
Gaussian fits for each ring are plotted as colored circles and
arcs in Figures 15–19, respectively.

It is important to note that a one-to-one match in the intensity
distribution should not be expected on large scales for every
ring for three reasons: (a) multiple distinct clouds at different
distances may fall into the same velocity channel because of
velocity deviations of the clouds from the local standard of rest;
(b) clouds at different distances may fall into the same velocity
channel because of the double-valued nature of the distance–

velocity curve; (c) individual rings may contain scattering
contributions from multiple clouds at different velocities but
similar distances.
However, clear local maxima in scattering intensity may be

expected to correspond to local maxima in CO emission, and
we will base possible cloud-ring identification on local
correspondence. Indeed, detailed matches exist for rings [a]
and [b], as already expected from the spectra discussed in
Section 3.3.1, as well as for ring [d].

1. Figure 15 shows an image of CO component 2CO,
integrated over the velocity range v76 km s 1

rad� ��

72 km s 1� � � , bracketing the velocity component at
v 74 km srad

1_ � � identified in the differential spectra as
giving rise to ring [a]. The clear association of ring [a]
with component 2CO at 74 km s 1� � in the CO image is
striking. The prominent spectral feature at
v 74 km srad

1_ � � corresponds to a well-defined lane
that runs through the position of Circinus X-1 and
crosses ring section [a11]. Overlaid as connected blue
circles are the positions of the X-ray surface brightness
peaks of ring [a] from Chandra ObsID 15801, and XMM
ObsID 0729560501 and 0729560601 (from inside out,
given the increasing ring radius at longer time delays for
later observations).18 The intensity peak lies exactly on
top of the CO peak and traces the CO lane as the rings
sweep out larger radii.

The obvious spatial coincidence and the fact that this
is the only velocity component standing out in the
differential spectrum of ring [a11] in Figure 14 unam-
biguously determines that ring [a] must be produced by
the dust associated with the CO cloud 2CO at
v 74 km srad

1_ � � .
In addition to the narrow lane in the north-eastern

quadrant of the image that we identify with the cloud
responsible for ring [a], there is an additional concentra-
tion of CO emission in this channel in the southern half of
the image, which we identify as the cloud likely
responsible for at least part of ring [c], and which we
discuss further in Figure 17.

This velocity channel straddles the tangent point at
minimum velocity 75.3 km s 1� � and may contain clouds
of the distance range from 5 to 8 kpc (accounting for
random motions). It is therefore plausible that multiple
distinct clouds may contribute to this image and it is
reasonable to associate features in this image with both
rings [a] and [c].

2. Figure 16 shows the 12CO image of cloud 1CO in the
velocity range v85 km s 75 km s1

rad
1� � � �� � ,

roughly centered on the peak at 81 km s 1� � . The peak
of the emission falls into sectors [b5:b6] and [c5:c6],
while there is consistent excess CO emission in the
eastern part of ring [b]. This spatial coincidence with the
observed excess scattering emission of ring [b] strongly
suggests that cloud 1CO is responsible for the bulk of the
X-ray scattering for ring [b], consistent with the
difference spectrum in the middle panel of Figure 14.

Figure 19. Adaptively smoothed Mopra 12CO image of component 4CO in the
velocity range 33.6� to 29.6 km s 1� � , showing the brightest emission feature
in the field of view, with the same nomenclature as in Figure 15. The band of
molecular gas across the lower half of the image matches the band of
absorption seen in the color images in Figures 4 and 5 in position and
morphology and corresponds to the excess absorption found in the spectrally
determined absorption column shown in Figures 7 and 9.

18 Chandra ObsID 16578 is not shown because of the location of the peak at
the chip gap and the increased noise at the chip boundary due to the shorter
exposure time; XMM ObsID 0829560701 is not shown due to the over-
whelming noise from the background flare that makes image analysis
impossible.
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Mopra CO maps
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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),


