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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. 
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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

Heinz, Corrales, et al. 
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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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Chandra image of Cir X-1

Heinz et al., 2015

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

Circinus X-1 D ~ 4 - 11 kpc (previously)
D = 9.4 +/- 1 kpc (now)
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Fig. 11.— Dust distribution along the line-of-sight toward V404 Cyg, plotted as scatter-

ing depth corrected τeff ≡ NHdσ/dΩ (Θsc/1000”)
α, derived from the deconvolutions of the

Chandra ObsID 17704 (red) and Swift (black) intensity profiles, plotted as a function of dust

distance D from Earth. The Swift distribution is the weighted average over all Swift observa-

tions (i.e., the weighted sum along the vertical column of Fig. 10). The solid blue line shows

the Gaussian fit to the Swift data (black histogram) for eight distinct dust concentrations.

Overlaid in gray is the differential extinction distribution in the direction of V404 from the

public Pan-STARRS E(B − V ) data, with ∆E(B − V ) ∝ NH, showing general agreement

with the dust distribution derived from the X-ray light echo.
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Dust echo brightness is directly proportional to

fluence (time integrated flux)
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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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Search for extragalactic dust?
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absorption systems (Bouché et al. 2007). There is also a deficit
between the predicted and observed amount of dust found in
galaxy disks and diffuse regions of galaxy halos combined
(Ménard & Fukugita 2012, hereafter MF12). They predict an
excess of dust x q �Ω 3 10d

IGM 6 at xz 0.3, the epoch that
contributes most to an intergalactic scattering halo (CP12).

Shull et al. (2014) estimate that the low redshift IGM
contains roughly 10% of all cosmic metals, implying an IGM
metal density x �Ω 10Z

IGM 5 in terms of the critical density. This
value is in agreement with the results of MF12 if the depletion
factors are 30%, which is common. In fact, recent cosmological
simulations that include the effect of radiation pressure driven
galactic winds are able to reproduce observations of CGM dust
(Ménard et al. 2010b, hereafter MSFR10) using a dust-to-
metals ratio of 0.29 (Zu et al. 2011). From here forward I take

� q �Ω 3 10d
IGM 6 as a fiducial mass density for deriving the

number density of dust grains Nd used in Equation (3).
Figure 2 shows the normalized scattering halo intensity using

zs = 2 and the Mie scattering solution for Td dΩE z, in
Equation (3). I found very little difference between graphite
and silicate scattering halos, so only graphite material is shown
for scattering off uniformly distributed IGM dust. In the Mie
regime, the singly sized N1 m dust population does not produce
a significantly brighter scattering halo than that caused by a
gray dust grain size distribution.

2.2. Scattering Halo Intensity from CGM Dust

CP12 evaluated various sources and reservoirs of inter-
galactic dust, including absorption line systems. This work
considers one additional reservoir: the CGM, which I will use
to describe any dusty material residing within 300 kpc of a
galaxy disk.

There is plenty of direct observational evidence that dust
escapes galaxy disks to pollute the CGM. Dust is found out to
9 kpc around starburst galaxy M82, imaged via polarized
scattering (Schmidt et al. 1976), polycyclic aromatic hydro-
carbon (PAH) emission from a warm gas component mixed
with the superwind (Engelbracht et al. 2006), and far-infrared
emission from a cold gas component mixed in with tidally
stripped material (Roussel et al. 2010). Hodges-Kluck &
Bregman (2014) hereafter HK14) also observe large angle UV
scattering from dust 10–20 kpc above the mid-plane of 20 early
type galaxies.

Using over 107 objects from the Sloan Digital Sky Survey,
MSFR10 calculate the average quasar color as a function of
impact parameter to a foreground galaxy. They find a
reddening trend out to distances as large as 1Mpc from galaxy
centers, leading them to conclude that the mass of dust in
galactic halos is comparable to that in galaxy disks. Recent
work by Peek et al. (2014) repeats the experiment with galaxy–
galaxy pairs and comes to a similar mass estimate.
MSFR10 calculate the average CGM extinction as a function

of impact parameter to a nearby foreground galaxy. Inverting
Equation (30) of their paper to solve for the total dust mass
column yields

Lx q
�

�
����
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� �
�

�

M
r

4 10
100 h kpc

, (5)d
p3

V
1

1

0.86

where rp is the impact parameter to a foreground galaxy, LV is
the V-band extinction opacity, and h is the Hubble constant in
units of 100 km/s/Mpc. I approximate the scattering from dusty
CGM with an infinitely large, homogeneous screen at zg = 0.5
containing a dust mass column equivalent to an _r 100p kpc
sight line. Due to the spatial distances involved, 100 kpc is
associated with observation angles _ ´10 , which is about the
visible extent of intergalactic scattering halos (CP12).
MSFR10 also found that the slope of the quasar colors in

their study were roughly consistent with local ISM. However,
they prefer extinction curves similar to the Small Magellanic
Cloud (SMC) due to the fact that Mg II absorbers, which they
believe are tracers of galaxy outflow, show reddening curves
that lack the 2175 Å feature often attributed to PAHs and small
graphite grains (York et al. 2006). SMC extinction curves also
lack the 2175 Å bump. HK14 also found that the spectral
energy distribution of UV reflection from CGM dust fits well
with SMC-like dust in many cases.
Following their lead, I use the simplest approximation that

produces an SMC-like extinction curve—an MRN distribution
of silicate dust (Pei 1992) with sizes N N⩽ ⩽a0.005 m 0.3 m
—to model the scattering halo contribution from a foreground
galaxy (Figure 2). Scattering off CGM dust that may be
occupying the halo of our own Galaxy is also shown, using a
screen position of zg = 0 and the dust mass equivalent for

�N 10H
19 cm−2. Both cases are dramatically dimmer than the

scattering one might expect from uniformly distributed, early-

Figure 1. Optical depth to X-ray scattering is plotted for a z = 2 point source and � �Ω 10d
IGM 5. Left: the 0.5 keV Mie scattering solution for a population of singly

sized grains is shown using graphite (dashed) and silicate (dot–dashed) materials. Right: the scattering optical depth for N0.1 m (dark curves) and N1.0 m (light
curves) as a function of energy. The Mie solution for a grain size distribution with N N⩽ ⩽a0.1 m 1 m is shown for silicate (green) and graphite (blue).
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absorption systems (Bouché et al. 2007). There is also a deficit
between the predicted and observed amount of dust found in
galaxy disks and diffuse regions of galaxy halos combined
(Ménard & Fukugita 2012, hereafter MF12). They predict an
excess of dust x q �Ω 3 10d

IGM 6 at xz 0.3, the epoch that
contributes most to an intergalactic scattering halo (CP12).

Shull et al. (2014) estimate that the low redshift IGM
contains roughly 10% of all cosmic metals, implying an IGM
metal density x �Ω 10Z

IGM 5 in terms of the critical density. This
value is in agreement with the results of MF12 if the depletion
factors are 30%, which is common. In fact, recent cosmological
simulations that include the effect of radiation pressure driven
galactic winds are able to reproduce observations of CGM dust
(Ménard et al. 2010b, hereafter MSFR10) using a dust-to-
metals ratio of 0.29 (Zu et al. 2011). From here forward I take

� q �Ω 3 10d
IGM 6 as a fiducial mass density for deriving the

number density of dust grains Nd used in Equation (3).
Figure 2 shows the normalized scattering halo intensity using

zs = 2 and the Mie scattering solution for Td dΩE z, in
Equation (3). I found very little difference between graphite
and silicate scattering halos, so only graphite material is shown
for scattering off uniformly distributed IGM dust. In the Mie
regime, the singly sized N1 m dust population does not produce
a significantly brighter scattering halo than that caused by a
gray dust grain size distribution.

2.2. Scattering Halo Intensity from CGM Dust

CP12 evaluated various sources and reservoirs of inter-
galactic dust, including absorption line systems. This work
considers one additional reservoir: the CGM, which I will use
to describe any dusty material residing within 300 kpc of a
galaxy disk.

There is plenty of direct observational evidence that dust
escapes galaxy disks to pollute the CGM. Dust is found out to
9 kpc around starburst galaxy M82, imaged via polarized
scattering (Schmidt et al. 1976), polycyclic aromatic hydro-
carbon (PAH) emission from a warm gas component mixed
with the superwind (Engelbracht et al. 2006), and far-infrared
emission from a cold gas component mixed in with tidally
stripped material (Roussel et al. 2010). Hodges-Kluck &
Bregman (2014) hereafter HK14) also observe large angle UV
scattering from dust 10–20 kpc above the mid-plane of 20 early
type galaxies.

Using over 107 objects from the Sloan Digital Sky Survey,
MSFR10 calculate the average quasar color as a function of
impact parameter to a foreground galaxy. They find a
reddening trend out to distances as large as 1Mpc from galaxy
centers, leading them to conclude that the mass of dust in
galactic halos is comparable to that in galaxy disks. Recent
work by Peek et al. (2014) repeats the experiment with galaxy–
galaxy pairs and comes to a similar mass estimate.
MSFR10 calculate the average CGM extinction as a function

of impact parameter to a nearby foreground galaxy. Inverting
Equation (30) of their paper to solve for the total dust mass
column yields
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where rp is the impact parameter to a foreground galaxy, LV is
the V-band extinction opacity, and h is the Hubble constant in
units of 100 km/s/Mpc. I approximate the scattering from dusty
CGM with an infinitely large, homogeneous screen at zg = 0.5
containing a dust mass column equivalent to an _r 100p kpc
sight line. Due to the spatial distances involved, 100 kpc is
associated with observation angles _ ´10 , which is about the
visible extent of intergalactic scattering halos (CP12).
MSFR10 also found that the slope of the quasar colors in

their study were roughly consistent with local ISM. However,
they prefer extinction curves similar to the Small Magellanic
Cloud (SMC) due to the fact that Mg II absorbers, which they
believe are tracers of galaxy outflow, show reddening curves
that lack the 2175 Å feature often attributed to PAHs and small
graphite grains (York et al. 2006). SMC extinction curves also
lack the 2175 Å bump. HK14 also found that the spectral
energy distribution of UV reflection from CGM dust fits well
with SMC-like dust in many cases.
Following their lead, I use the simplest approximation that

produces an SMC-like extinction curve—an MRN distribution
of silicate dust (Pei 1992) with sizes N N⩽ ⩽a0.005 m 0.3 m
—to model the scattering halo contribution from a foreground
galaxy (Figure 2). Scattering off CGM dust that may be
occupying the halo of our own Galaxy is also shown, using a
screen position of zg = 0 and the dust mass equivalent for

�N 10H
19 cm−2. Both cases are dramatically dimmer than the

scattering one might expect from uniformly distributed, early-

Figure 1. Optical depth to X-ray scattering is plotted for a z = 2 point source and � �Ω 10d
IGM 5. Left: the 0.5 keV Mie scattering solution for a population of singly

sized grains is shown using graphite (dashed) and silicate (dot–dashed) materials. Right: the scattering optical depth for N0.1 m (dark curves) and N1.0 m (light
curves) as a function of energy. The Mie solution for a grain size distribution with N N⩽ ⩽a0.1 m 1 m is shown for silicate (green) and graphite (blue).
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Figure 7. Comparison of reddening maps in the three dust models, each
normalized to the MSFR result at 1 h−1 Mpc. The regions shown are a
quadrant of the simulation cube, 25 × 25 × 50 (h−1 Mpc)3. Red/blue regions
indicate heavily/lightly reddened fields through the simulation, with the
colour scale running from E(g − i) = 10−5 up to 0.1, logarithmically.

MSFR argue that the dust in Large Magellanic Cloud (LMC)-like
dwarfs is insufficient to explain the magnitude of their reddening
signal. We concur with this conclusion. Reproducing the MSFR
data in the hybrid model with a physical dust-to-metal mass ratio
requires including galaxies up to several times 1010 M⊙, far larger
than the ∼3 × 109 M⊙ baryonic mass of the LMC (van der Marel
et al. 2002). Furthermore, the No-Wind simulation predicts a galaxy
baryonic mass function that is inconsistent with observations, with
an excessive global fraction of baryons converted to stars (Oppen-
heimer et al. 2010).6 We do not consider the hybrid dust model to be
nearly as plausible an explanation of the MSFR results as the Wind
model; we present it as a foil to illustrate what would be required
to explain MSFR’s findings with dust in low-mass galaxies. For the
Wind model, the metals in low-mass galaxies contribute much less
reddening than the intergalactic metals (Fig. 5).

4 D ISCUSSION

For the Wind model to succeed, we require that the dust-to-metal
mass ratio in the IGM be comparable to that in the ISM, allow-
ing only ∼50 per cent of the ISM dust to be destroyed during
its expulsion from galaxies and subsequent residence in the IGM.
The validity of this assumption is by no means obvious, as the de-
struction time-scales for 0.01 µm dust grains by thermal sputtering
are ∼107.5(nH/10−3 cm−3)−1 yr at T = 106 K (Draine & Salpeter
1979, fig. 7), while wind particles in the simulation typically re-
main in the IGM for ∼109 yr before re-accreting on to galaxies
(Oppenheimer et al. 2010, fig. 2). However, the sputtering rates de-
cline rapidly towards lower temperatures (e.g. a factor of 300 lower
at T = 105 K), and with the wind implementation used in this simu-
lation most ejected gas never rises above a few ×104 K. Ultraviolet
(UV) or X-ray background photons are another possible destruc-
tion mechanism for IGM dust, but the intergalactic radiation field
is much lower intensity than the radiation field dust grains already
encounter in galactic star-forming regions.

A detailed consideration of dust survival in the IGM is beyond
the scope of this initial investigation, but the MSFR results clearly
raise it as an important subject for further study. The combination
of their measurements with our models gives a fairly clear idea of
what is required: survival of a substantial fraction of ejected dust,
and an extinction curve that has roughly the colour dependence of
ISM dust. The temperature sensitivity of thermal sputtering could
lead to preferential destruction of ejected dust in the higher mass
haloes that host a shock heated gas halo (see Birnboim & Dekel
2003; Kereš et al. 2005, 2009a; Dekel & Birnboim 2006). In the
Wind model, most wind particles in haloes with M < 1013 M⊙
have T < 105 K, but about 2/3 of the wind particles in haloes with
M > 1013 M⊙ have T > 3 × 106 K. If sputtering does destroy
intergalactic dust at these temperatures, it could produce distinctive
drops in the galaxy–reddening correlation when it is evaluated for
massive galaxies or for galaxies in dense environments. The recent
study of McGee & Balogh (2010), which examines the correlation
of background quasar colours with projected separation from galaxy
groups of varying richness, provides some hint of such an effect,
but their innermost point is at r = 1 h−1 Mpc, close to the virial
radius of typical group mass haloes. Moreover, the Chelouche et al.
(2007) measurements provide direct evidence for dust survival in

6 The Wind simulation predictions are reasonably consistent with the ob-
served mass function for galaxies with L < L∗ , though it still predicts
excessive galaxy masses above L∗ .
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Figure 7. Comparison of reddening maps in the three dust models, each
normalized to the MSFR result at 1 h−1 Mpc. The regions shown are a
quadrant of the simulation cube, 25 × 25 × 50 (h−1 Mpc)3. Red/blue regions
indicate heavily/lightly reddened fields through the simulation, with the
colour scale running from E(g − i) = 10−5 up to 0.1, logarithmically.

MSFR argue that the dust in Large Magellanic Cloud (LMC)-like
dwarfs is insufficient to explain the magnitude of their reddening
signal. We concur with this conclusion. Reproducing the MSFR
data in the hybrid model with a physical dust-to-metal mass ratio
requires including galaxies up to several times 1010 M⊙, far larger
than the ∼3 × 109 M⊙ baryonic mass of the LMC (van der Marel
et al. 2002). Furthermore, the No-Wind simulation predicts a galaxy
baryonic mass function that is inconsistent with observations, with
an excessive global fraction of baryons converted to stars (Oppen-
heimer et al. 2010).6 We do not consider the hybrid dust model to be
nearly as plausible an explanation of the MSFR results as the Wind
model; we present it as a foil to illustrate what would be required
to explain MSFR’s findings with dust in low-mass galaxies. For the
Wind model, the metals in low-mass galaxies contribute much less
reddening than the intergalactic metals (Fig. 5).

4 D ISCUSSION

For the Wind model to succeed, we require that the dust-to-metal
mass ratio in the IGM be comparable to that in the ISM, allow-
ing only ∼50 per cent of the ISM dust to be destroyed during
its expulsion from galaxies and subsequent residence in the IGM.
The validity of this assumption is by no means obvious, as the de-
struction time-scales for 0.01 µm dust grains by thermal sputtering
are ∼107.5(nH/10−3 cm−3)−1 yr at T = 106 K (Draine & Salpeter
1979, fig. 7), while wind particles in the simulation typically re-
main in the IGM for ∼109 yr before re-accreting on to galaxies
(Oppenheimer et al. 2010, fig. 2). However, the sputtering rates de-
cline rapidly towards lower temperatures (e.g. a factor of 300 lower
at T = 105 K), and with the wind implementation used in this simu-
lation most ejected gas never rises above a few ×104 K. Ultraviolet
(UV) or X-ray background photons are another possible destruc-
tion mechanism for IGM dust, but the intergalactic radiation field
is much lower intensity than the radiation field dust grains already
encounter in galactic star-forming regions.

A detailed consideration of dust survival in the IGM is beyond
the scope of this initial investigation, but the MSFR results clearly
raise it as an important subject for further study. The combination
of their measurements with our models gives a fairly clear idea of
what is required: survival of a substantial fraction of ejected dust,
and an extinction curve that has roughly the colour dependence of
ISM dust. The temperature sensitivity of thermal sputtering could
lead to preferential destruction of ejected dust in the higher mass
haloes that host a shock heated gas halo (see Birnboim & Dekel
2003; Kereš et al. 2005, 2009a; Dekel & Birnboim 2006). In the
Wind model, most wind particles in haloes with M < 1013 M⊙
have T < 105 K, but about 2/3 of the wind particles in haloes with
M > 1013 M⊙ have T > 3 × 106 K. If sputtering does destroy
intergalactic dust at these temperatures, it could produce distinctive
drops in the galaxy–reddening correlation when it is evaluated for
massive galaxies or for galaxies in dense environments. The recent
study of McGee & Balogh (2010), which examines the correlation
of background quasar colours with projected separation from galaxy
groups of varying richness, provides some hint of such an effect,
but their innermost point is at r = 1 h−1 Mpc, close to the virial
radius of typical group mass haloes. Moreover, the Chelouche et al.
(2007) measurements provide direct evidence for dust survival in

6 The Wind simulation predictions are reasonably consistent with the ob-
served mass function for galaxies with L < L∗ , though it still predicts
excessive galaxy masses above L∗ .
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Figure 6. Eddington ratio as a function of time, for three different time intervals in the A2 simulation.
(A color version of this figure is available in the online journal.)

Figure 7. Power spectrum of the dimensionless mass accretion rate ṀBH/ṀEdd for A2. The units of the y-axis are arbitrary. For frequencies higher than the inverse
of several times the central accretion disk timescale, the power spectrum is proportional to 1/f, the frequency response of the low-pass filter applied by our central
accretion disk. For lower frequencies, the power spectra are determined by the physics of gas input, cooling, and feedback. At these low frequencies, the power
spectrum is nearly flat: ∝ f −1/4. That is, the accretion onto the SMBH has a power spectrum nearly the same as white noise.
(A color version of this figure is available in the online journal.)

gas surrounding the SMBH. This would imply that isotropic
feedback would result in the least SMBH growth.

Figure 9 shows final SMBH masses versus wind opening
angle. The largest SMBH growth occurs when the wind is
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Figure 7. Comparison of reddening maps in the three dust models, each
normalized to the MSFR result at 1 h−1 Mpc. The regions shown are a
quadrant of the simulation cube, 25 × 25 × 50 (h−1 Mpc)3. Red/blue regions
indicate heavily/lightly reddened fields through the simulation, with the
colour scale running from E(g − i) = 10−5 up to 0.1, logarithmically.

MSFR argue that the dust in Large Magellanic Cloud (LMC)-like
dwarfs is insufficient to explain the magnitude of their reddening
signal. We concur with this conclusion. Reproducing the MSFR
data in the hybrid model with a physical dust-to-metal mass ratio
requires including galaxies up to several times 1010 M⊙, far larger
than the ∼3 × 109 M⊙ baryonic mass of the LMC (van der Marel
et al. 2002). Furthermore, the No-Wind simulation predicts a galaxy
baryonic mass function that is inconsistent with observations, with
an excessive global fraction of baryons converted to stars (Oppen-
heimer et al. 2010).6 We do not consider the hybrid dust model to be
nearly as plausible an explanation of the MSFR results as the Wind
model; we present it as a foil to illustrate what would be required
to explain MSFR’s findings with dust in low-mass galaxies. For the
Wind model, the metals in low-mass galaxies contribute much less
reddening than the intergalactic metals (Fig. 5).

4 D ISCUSSION

For the Wind model to succeed, we require that the dust-to-metal
mass ratio in the IGM be comparable to that in the ISM, allow-
ing only ∼50 per cent of the ISM dust to be destroyed during
its expulsion from galaxies and subsequent residence in the IGM.
The validity of this assumption is by no means obvious, as the de-
struction time-scales for 0.01 µm dust grains by thermal sputtering
are ∼107.5(nH/10−3 cm−3)−1 yr at T = 106 K (Draine & Salpeter
1979, fig. 7), while wind particles in the simulation typically re-
main in the IGM for ∼109 yr before re-accreting on to galaxies
(Oppenheimer et al. 2010, fig. 2). However, the sputtering rates de-
cline rapidly towards lower temperatures (e.g. a factor of 300 lower
at T = 105 K), and with the wind implementation used in this simu-
lation most ejected gas never rises above a few ×104 K. Ultraviolet
(UV) or X-ray background photons are another possible destruc-
tion mechanism for IGM dust, but the intergalactic radiation field
is much lower intensity than the radiation field dust grains already
encounter in galactic star-forming regions.

A detailed consideration of dust survival in the IGM is beyond
the scope of this initial investigation, but the MSFR results clearly
raise it as an important subject for further study. The combination
of their measurements with our models gives a fairly clear idea of
what is required: survival of a substantial fraction of ejected dust,
and an extinction curve that has roughly the colour dependence of
ISM dust. The temperature sensitivity of thermal sputtering could
lead to preferential destruction of ejected dust in the higher mass
haloes that host a shock heated gas halo (see Birnboim & Dekel
2003; Kereš et al. 2005, 2009a; Dekel & Birnboim 2006). In the
Wind model, most wind particles in haloes with M < 1013 M⊙
have T < 105 K, but about 2/3 of the wind particles in haloes with
M > 1013 M⊙ have T > 3 × 106 K. If sputtering does destroy
intergalactic dust at these temperatures, it could produce distinctive
drops in the galaxy–reddening correlation when it is evaluated for
massive galaxies or for galaxies in dense environments. The recent
study of McGee & Balogh (2010), which examines the correlation
of background quasar colours with projected separation from galaxy
groups of varying richness, provides some hint of such an effect,
but their innermost point is at r = 1 h−1 Mpc, close to the virial
radius of typical group mass haloes. Moreover, the Chelouche et al.
(2007) measurements provide direct evidence for dust survival in

6 The Wind simulation predictions are reasonably consistent with the ob-
served mass function for galaxies with L < L∗ , though it still predicts
excessive galaxy masses above L∗ .

C⃝ 2010 The Authors, MNRAS 412, 1059–1069
Monthly Notices of the Royal Astronomical Society C⃝ 2010 RAS

Zu+ (2010)



The Astrophysical Journal, 737:26 (14pp), 2011 August 10 Novak, Ostriker, & Ciotti

Figure 6. Eddington ratio as a function of time, for three different time intervals in the A2 simulation.
(A color version of this figure is available in the online journal.)

Figure 7. Power spectrum of the dimensionless mass accretion rate ṀBH/ṀEdd for A2. The units of the y-axis are arbitrary. For frequencies higher than the inverse
of several times the central accretion disk timescale, the power spectrum is proportional to 1/f, the frequency response of the low-pass filter applied by our central
accretion disk. For lower frequencies, the power spectra are determined by the physics of gas input, cooling, and feedback. At these low frequencies, the power
spectrum is nearly flat: ∝ f −1/4. That is, the accretion onto the SMBH has a power spectrum nearly the same as white noise.
(A color version of this figure is available in the online journal.)

gas surrounding the SMBH. This would imply that isotropic
feedback would result in the least SMBH growth.

Figure 9 shows final SMBH masses versus wind opening
angle. The largest SMBH growth occurs when the wind is
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Figure 7. Comparison of reddening maps in the three dust models, each
normalized to the MSFR result at 1 h−1 Mpc. The regions shown are a
quadrant of the simulation cube, 25 × 25 × 50 (h−1 Mpc)3. Red/blue regions
indicate heavily/lightly reddened fields through the simulation, with the
colour scale running from E(g − i) = 10−5 up to 0.1, logarithmically.

MSFR argue that the dust in Large Magellanic Cloud (LMC)-like
dwarfs is insufficient to explain the magnitude of their reddening
signal. We concur with this conclusion. Reproducing the MSFR
data in the hybrid model with a physical dust-to-metal mass ratio
requires including galaxies up to several times 1010 M⊙, far larger
than the ∼3 × 109 M⊙ baryonic mass of the LMC (van der Marel
et al. 2002). Furthermore, the No-Wind simulation predicts a galaxy
baryonic mass function that is inconsistent with observations, with
an excessive global fraction of baryons converted to stars (Oppen-
heimer et al. 2010).6 We do not consider the hybrid dust model to be
nearly as plausible an explanation of the MSFR results as the Wind
model; we present it as a foil to illustrate what would be required
to explain MSFR’s findings with dust in low-mass galaxies. For the
Wind model, the metals in low-mass galaxies contribute much less
reddening than the intergalactic metals (Fig. 5).

4 D ISCUSSION

For the Wind model to succeed, we require that the dust-to-metal
mass ratio in the IGM be comparable to that in the ISM, allow-
ing only ∼50 per cent of the ISM dust to be destroyed during
its expulsion from galaxies and subsequent residence in the IGM.
The validity of this assumption is by no means obvious, as the de-
struction time-scales for 0.01 µm dust grains by thermal sputtering
are ∼107.5(nH/10−3 cm−3)−1 yr at T = 106 K (Draine & Salpeter
1979, fig. 7), while wind particles in the simulation typically re-
main in the IGM for ∼109 yr before re-accreting on to galaxies
(Oppenheimer et al. 2010, fig. 2). However, the sputtering rates de-
cline rapidly towards lower temperatures (e.g. a factor of 300 lower
at T = 105 K), and with the wind implementation used in this simu-
lation most ejected gas never rises above a few ×104 K. Ultraviolet
(UV) or X-ray background photons are another possible destruc-
tion mechanism for IGM dust, but the intergalactic radiation field
is much lower intensity than the radiation field dust grains already
encounter in galactic star-forming regions.

A detailed consideration of dust survival in the IGM is beyond
the scope of this initial investigation, but the MSFR results clearly
raise it as an important subject for further study. The combination
of their measurements with our models gives a fairly clear idea of
what is required: survival of a substantial fraction of ejected dust,
and an extinction curve that has roughly the colour dependence of
ISM dust. The temperature sensitivity of thermal sputtering could
lead to preferential destruction of ejected dust in the higher mass
haloes that host a shock heated gas halo (see Birnboim & Dekel
2003; Kereš et al. 2005, 2009a; Dekel & Birnboim 2006). In the
Wind model, most wind particles in haloes with M < 1013 M⊙
have T < 105 K, but about 2/3 of the wind particles in haloes with
M > 1013 M⊙ have T > 3 × 106 K. If sputtering does destroy
intergalactic dust at these temperatures, it could produce distinctive
drops in the galaxy–reddening correlation when it is evaluated for
massive galaxies or for galaxies in dense environments. The recent
study of McGee & Balogh (2010), which examines the correlation
of background quasar colours with projected separation from galaxy
groups of varying richness, provides some hint of such an effect,
but their innermost point is at r = 1 h−1 Mpc, close to the virial
radius of typical group mass haloes. Moreover, the Chelouche et al.
(2007) measurements provide direct evidence for dust survival in

6 The Wind simulation predictions are reasonably consistent with the ob-
served mass function for galaxies with L < L∗ , though it still predicts
excessive galaxy masses above L∗ .
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Figure 7. Comparison of reddening maps in the three dust models, each
normalized to the MSFR result at 1 h−1 Mpc. The regions shown are a
quadrant of the simulation cube, 25 × 25 × 50 (h−1 Mpc)3. Red/blue regions
indicate heavily/lightly reddened fields through the simulation, with the
colour scale running from E(g − i) = 10−5 up to 0.1, logarithmically.

MSFR argue that the dust in Large Magellanic Cloud (LMC)-like
dwarfs is insufficient to explain the magnitude of their reddening
signal. We concur with this conclusion. Reproducing the MSFR
data in the hybrid model with a physical dust-to-metal mass ratio
requires including galaxies up to several times 1010 M⊙, far larger
than the ∼3 × 109 M⊙ baryonic mass of the LMC (van der Marel
et al. 2002). Furthermore, the No-Wind simulation predicts a galaxy
baryonic mass function that is inconsistent with observations, with
an excessive global fraction of baryons converted to stars (Oppen-
heimer et al. 2010).6 We do not consider the hybrid dust model to be
nearly as plausible an explanation of the MSFR results as the Wind
model; we present it as a foil to illustrate what would be required
to explain MSFR’s findings with dust in low-mass galaxies. For the
Wind model, the metals in low-mass galaxies contribute much less
reddening than the intergalactic metals (Fig. 5).

4 D ISCUSSION

For the Wind model to succeed, we require that the dust-to-metal
mass ratio in the IGM be comparable to that in the ISM, allow-
ing only ∼50 per cent of the ISM dust to be destroyed during
its expulsion from galaxies and subsequent residence in the IGM.
The validity of this assumption is by no means obvious, as the de-
struction time-scales for 0.01 µm dust grains by thermal sputtering
are ∼107.5(nH/10−3 cm−3)−1 yr at T = 106 K (Draine & Salpeter
1979, fig. 7), while wind particles in the simulation typically re-
main in the IGM for ∼109 yr before re-accreting on to galaxies
(Oppenheimer et al. 2010, fig. 2). However, the sputtering rates de-
cline rapidly towards lower temperatures (e.g. a factor of 300 lower
at T = 105 K), and with the wind implementation used in this simu-
lation most ejected gas never rises above a few ×104 K. Ultraviolet
(UV) or X-ray background photons are another possible destruc-
tion mechanism for IGM dust, but the intergalactic radiation field
is much lower intensity than the radiation field dust grains already
encounter in galactic star-forming regions.

A detailed consideration of dust survival in the IGM is beyond
the scope of this initial investigation, but the MSFR results clearly
raise it as an important subject for further study. The combination
of their measurements with our models gives a fairly clear idea of
what is required: survival of a substantial fraction of ejected dust,
and an extinction curve that has roughly the colour dependence of
ISM dust. The temperature sensitivity of thermal sputtering could
lead to preferential destruction of ejected dust in the higher mass
haloes that host a shock heated gas halo (see Birnboim & Dekel
2003; Kereš et al. 2005, 2009a; Dekel & Birnboim 2006). In the
Wind model, most wind particles in haloes with M < 1013 M⊙
have T < 105 K, but about 2/3 of the wind particles in haloes with
M > 1013 M⊙ have T > 3 × 106 K. If sputtering does destroy
intergalactic dust at these temperatures, it could produce distinctive
drops in the galaxy–reddening correlation when it is evaluated for
massive galaxies or for galaxies in dense environments. The recent
study of McGee & Balogh (2010), which examines the correlation
of background quasar colours with projected separation from galaxy
groups of varying richness, provides some hint of such an effect,
but their innermost point is at r = 1 h−1 Mpc, close to the virial
radius of typical group mass haloes. Moreover, the Chelouche et al.
(2007) measurements provide direct evidence for dust survival in

6 The Wind simulation predictions are reasonably consistent with the ob-
served mass function for galaxies with L < L∗ , though it still predicts
excessive galaxy masses above L∗ .
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quasars in the entire sky capable of producing observable
scattering echoes from uniformly distributed, diffuse
IGM dust.

In all the catalogs examined, no sources are sufficiently
bright to detect CGM dust models evaluated thus far. I will
therefore omit the CGM from further discussion in this work.

Figure 3 compares the Chandra ACIS background to the
predicted IGM scattering halo intensity using the minimum
threshold from Table 1 and a value 10 times brighter than the
minimum RASS BSC flux: ´ -5 10 12 erg s−1 cm−2. There are
seven >z 1 RASS BSC quasars that meet this higher
threshold. The bottom portion of Figure 3 shows the maximum
time delay as a function of observation angle and grain size.
The observable scattering echo, which is confined to
a - ´⩽ 5 20 , should last -1 100 yr.

3.2. Constraints on AGN Variability

Hour- to day-long activity, such as an X-ray afterglow to a
gamma-ray burst, produces an echo that probes only a tiny
fraction of the total dust column. Therefore, burst activity will
not make a particularly good probe of the diffuse IGM or
intervening galaxies (Miralda-Escudé 1999). To produce
observable scattering echoes, the central X-ray point source
needs to undergo a period of sustained brightness before
dimming by a factor >1000.

Simulations of AGN accretion and feedback show that the
supermassive black holes (SMBHs) powering quasars rarely
accumulate mass at a steady rate. They may spend the majority
of their time in a sub-Eddington phase, with near-Eddington
accretion events triggered by the sudden infall of new gas
(Gabor & Bournaud 2013). In simulations, periods of sustained
activity are punctuated by major feedback events that cause the
AGN to dip in luminosity by factors of 102–106 (Hopkins
et al. 2005; Novak et al. 2011).

Motivated by the simulations, rapid dimming after a
prolonged period of AGN activity is most likely to occur via
some feedback mechanism, though technically any burst of
activity longer than 103 yr will do. I will call nfb the
characteristic frequency for such a cataclysmic event to occur.
A rough estimate for the number of scattering echoes in the sky
is therefore

d n~ >⩾( )N t N F F z, 1 , (11)qech max fb th

where Nq is the total number of high-z quasars with an apparent
flux brighter than the threshold flux Fth. The above equation
requires that the characteristic periodicity of the AGN growth
and feedback process does not occur on a shorter timescale
than the echo, i.e., d n< -tmax fb

1. Otherwise, the point source
image will not remain suppressed relative to the scattering
image. This work also contains the assumption that AGNs
brighten slowly so that they remain at a low luminosity for a
time longer than dtmax , while feedback events are rapid
(Section 3.3).
The number of quasars able to illuminate the IGM,

⩾N F F( )q th is strongly dependent on a number of situational
factors, including the instrument background and image
exposure time. In addition, dtmax and Nq are linked because
the brighter quasars will produce the most visibly extended
halos. For the sake of theory, I examine the abundance of
scattering echoes one might expect for a perfect instrument
with zero background. Since the inner part of the halo will
vanish first, a scattering echo will qualitatively appear as a ring
of surface brightness with an angular radius corresponding to
the time delay dtmax after the feedback event. Figure 4 plots
contours of N Nqech using nfb and the halo radius calculated
from dtmax as seen in the 0.1 μm curve in the lower portion of
Figure 3. Given a characteristic feedback timescale, the
contours show the fraction of AGN that will have ring-like
echoes of a particular radius. For example, if n = -10fb

4 yr−1,
then 10% of AGN will have echoes 50″ in radius, and 50% of
them will have larger but dimmer echoes about 100″ in radius.
The 100% curve in Figure 4 marks the point at which
d n= -tmax fb

1. Larger nfb values will create a series of nested X-
ray echo rings, analogous to those seen around variable objects
(e.g., Tiengo et al. 2010).

Figure 3. Top: point source subtracted scattering halos from a uniform IGM,
using the same cosmological parameters as Figure 2. The halo brightness is
directly proportional to the average AGN flux (labeled Fsrc in the plot).
Scattering halos from two flux thresholds (black and gray curves) are plotted in
comparison to the typical Chandra detector background (dotted line). Bottom:
the maximal time delay as a function of observation angle, using two limiting
grain sizes. Scattering echoes visible by Chandra will last ∼1–100 yr.

Figure 4. Fraction of AGN (N Nqech ) with X-ray scattering echoes of a given
size, for a particular nfb. The plotted contours, from black to lightest gray, are
100, 50, 10, and 1%. Beyond the 100% contour, X-ray scattering echoes will
appear as nested rings.
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quasars in the entire sky capable of producing observable
scattering echoes from uniformly distributed, diffuse
IGM dust.

In all the catalogs examined, no sources are sufficiently
bright to detect CGM dust models evaluated thus far. I will
therefore omit the CGM from further discussion in this work.

Figure 3 compares the Chandra ACIS background to the
predicted IGM scattering halo intensity using the minimum
threshold from Table 1 and a value 10 times brighter than the
minimum RASS BSC flux: ´ -5 10 12 erg s−1 cm−2. There are
seven >z 1 RASS BSC quasars that meet this higher
threshold. The bottom portion of Figure 3 shows the maximum
time delay as a function of observation angle and grain size.
The observable scattering echo, which is confined to
a - ´⩽ 5 20 , should last -1 100 yr.

3.2. Constraints on AGN Variability

Hour- to day-long activity, such as an X-ray afterglow to a
gamma-ray burst, produces an echo that probes only a tiny
fraction of the total dust column. Therefore, burst activity will
not make a particularly good probe of the diffuse IGM or
intervening galaxies (Miralda-Escudé 1999). To produce
observable scattering echoes, the central X-ray point source
needs to undergo a period of sustained brightness before
dimming by a factor >1000.

Simulations of AGN accretion and feedback show that the
supermassive black holes (SMBHs) powering quasars rarely
accumulate mass at a steady rate. They may spend the majority
of their time in a sub-Eddington phase, with near-Eddington
accretion events triggered by the sudden infall of new gas
(Gabor & Bournaud 2013). In simulations, periods of sustained
activity are punctuated by major feedback events that cause the
AGN to dip in luminosity by factors of 102–106 (Hopkins
et al. 2005; Novak et al. 2011).

Motivated by the simulations, rapid dimming after a
prolonged period of AGN activity is most likely to occur via
some feedback mechanism, though technically any burst of
activity longer than 103 yr will do. I will call nfb the
characteristic frequency for such a cataclysmic event to occur.
A rough estimate for the number of scattering echoes in the sky
is therefore

d n~ >⩾( )N t N F F z, 1 , (11)qech max fb th

where Nq is the total number of high-z quasars with an apparent
flux brighter than the threshold flux Fth. The above equation
requires that the characteristic periodicity of the AGN growth
and feedback process does not occur on a shorter timescale
than the echo, i.e., d n< -tmax fb

1. Otherwise, the point source
image will not remain suppressed relative to the scattering
image. This work also contains the assumption that AGNs
brighten slowly so that they remain at a low luminosity for a
time longer than dtmax , while feedback events are rapid
(Section 3.3).
The number of quasars able to illuminate the IGM,

⩾N F F( )q th is strongly dependent on a number of situational
factors, including the instrument background and image
exposure time. In addition, dtmax and Nq are linked because
the brighter quasars will produce the most visibly extended
halos. For the sake of theory, I examine the abundance of
scattering echoes one might expect for a perfect instrument
with zero background. Since the inner part of the halo will
vanish first, a scattering echo will qualitatively appear as a ring
of surface brightness with an angular radius corresponding to
the time delay dtmax after the feedback event. Figure 4 plots
contours of N Nqech using nfb and the halo radius calculated
from dtmax as seen in the 0.1 μm curve in the lower portion of
Figure 3. Given a characteristic feedback timescale, the
contours show the fraction of AGN that will have ring-like
echoes of a particular radius. For example, if n = -10fb

4 yr−1,
then 10% of AGN will have echoes 50″ in radius, and 50% of
them will have larger but dimmer echoes about 100″ in radius.
The 100% curve in Figure 4 marks the point at which
d n= -tmax fb

1. Larger nfb values will create a series of nested X-
ray echo rings, analogous to those seen around variable objects
(e.g., Tiengo et al. 2010).

Figure 3. Top: point source subtracted scattering halos from a uniform IGM,
using the same cosmological parameters as Figure 2. The halo brightness is
directly proportional to the average AGN flux (labeled Fsrc in the plot).
Scattering halos from two flux thresholds (black and gray curves) are plotted in
comparison to the typical Chandra detector background (dotted line). Bottom:
the maximal time delay as a function of observation angle, using two limiting
grain sizes. Scattering echoes visible by Chandra will last ∼1–100 yr.

Figure 4. Fraction of AGN (N Nqech ) with X-ray scattering echoes of a given
size, for a particular nfb. The plotted contours, from black to lightest gray, are
100, 50, 10, and 1%. Beyond the 100% contour, X-ray scattering echoes will
appear as nested rings.
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quasars in the entire sky capable of producing observable
scattering echoes from uniformly distributed, diffuse
IGM dust.

In all the catalogs examined, no sources are sufficiently
bright to detect CGM dust models evaluated thus far. I will
therefore omit the CGM from further discussion in this work.

Figure 3 compares the Chandra ACIS background to the
predicted IGM scattering halo intensity using the minimum
threshold from Table 1 and a value 10 times brighter than the
minimum RASS BSC flux: ´ -5 10 12 erg s−1 cm−2. There are
seven >z 1 RASS BSC quasars that meet this higher
threshold. The bottom portion of Figure 3 shows the maximum
time delay as a function of observation angle and grain size.
The observable scattering echo, which is confined to
a - ´⩽ 5 20 , should last -1 100 yr.

3.2. Constraints on AGN Variability

Hour- to day-long activity, such as an X-ray afterglow to a
gamma-ray burst, produces an echo that probes only a tiny
fraction of the total dust column. Therefore, burst activity will
not make a particularly good probe of the diffuse IGM or
intervening galaxies (Miralda-Escudé 1999). To produce
observable scattering echoes, the central X-ray point source
needs to undergo a period of sustained brightness before
dimming by a factor >1000.

Simulations of AGN accretion and feedback show that the
supermassive black holes (SMBHs) powering quasars rarely
accumulate mass at a steady rate. They may spend the majority
of their time in a sub-Eddington phase, with near-Eddington
accretion events triggered by the sudden infall of new gas
(Gabor & Bournaud 2013). In simulations, periods of sustained
activity are punctuated by major feedback events that cause the
AGN to dip in luminosity by factors of 102–106 (Hopkins
et al. 2005; Novak et al. 2011).

Motivated by the simulations, rapid dimming after a
prolonged period of AGN activity is most likely to occur via
some feedback mechanism, though technically any burst of
activity longer than 103 yr will do. I will call nfb the
characteristic frequency for such a cataclysmic event to occur.
A rough estimate for the number of scattering echoes in the sky
is therefore

d n~ >⩾( )N t N F F z, 1 , (11)qech max fb th

where Nq is the total number of high-z quasars with an apparent
flux brighter than the threshold flux Fth. The above equation
requires that the characteristic periodicity of the AGN growth
and feedback process does not occur on a shorter timescale
than the echo, i.e., d n< -tmax fb

1. Otherwise, the point source
image will not remain suppressed relative to the scattering
image. This work also contains the assumption that AGNs
brighten slowly so that they remain at a low luminosity for a
time longer than dtmax , while feedback events are rapid
(Section 3.3).
The number of quasars able to illuminate the IGM,

⩾N F F( )q th is strongly dependent on a number of situational
factors, including the instrument background and image
exposure time. In addition, dtmax and Nq are linked because
the brighter quasars will produce the most visibly extended
halos. For the sake of theory, I examine the abundance of
scattering echoes one might expect for a perfect instrument
with zero background. Since the inner part of the halo will
vanish first, a scattering echo will qualitatively appear as a ring
of surface brightness with an angular radius corresponding to
the time delay dtmax after the feedback event. Figure 4 plots
contours of N Nqech using nfb and the halo radius calculated
from dtmax as seen in the 0.1 μm curve in the lower portion of
Figure 3. Given a characteristic feedback timescale, the
contours show the fraction of AGN that will have ring-like
echoes of a particular radius. For example, if n = -10fb

4 yr−1,
then 10% of AGN will have echoes 50″ in radius, and 50% of
them will have larger but dimmer echoes about 100″ in radius.
The 100% curve in Figure 4 marks the point at which
d n= -tmax fb

1. Larger nfb values will create a series of nested X-
ray echo rings, analogous to those seen around variable objects
(e.g., Tiengo et al. 2010).

Figure 3. Top: point source subtracted scattering halos from a uniform IGM,
using the same cosmological parameters as Figure 2. The halo brightness is
directly proportional to the average AGN flux (labeled Fsrc in the plot).
Scattering halos from two flux thresholds (black and gray curves) are plotted in
comparison to the typical Chandra detector background (dotted line). Bottom:
the maximal time delay as a function of observation angle, using two limiting
grain sizes. Scattering echoes visible by Chandra will last ∼1–100 yr.

Figure 4. Fraction of AGN (N Nqech ) with X-ray scattering echoes of a given
size, for a particular nfb. The plotted contours, from black to lightest gray, are
100, 50, 10, and 1%. Beyond the 100% contour, X-ray scattering echoes will
appear as nested rings.
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quasars in the entire sky capable of producing observable
scattering echoes from uniformly distributed, diffuse
IGM dust.

In all the catalogs examined, no sources are sufficiently
bright to detect CGM dust models evaluated thus far. I will
therefore omit the CGM from further discussion in this work.

Figure 3 compares the Chandra ACIS background to the
predicted IGM scattering halo intensity using the minimum
threshold from Table 1 and a value 10 times brighter than the
minimum RASS BSC flux: ´ -5 10 12 erg s−1 cm−2. There are
seven >z 1 RASS BSC quasars that meet this higher
threshold. The bottom portion of Figure 3 shows the maximum
time delay as a function of observation angle and grain size.
The observable scattering echo, which is confined to
a - ´⩽ 5 20 , should last -1 100 yr.

3.2. Constraints on AGN Variability

Hour- to day-long activity, such as an X-ray afterglow to a
gamma-ray burst, produces an echo that probes only a tiny
fraction of the total dust column. Therefore, burst activity will
not make a particularly good probe of the diffuse IGM or
intervening galaxies (Miralda-Escudé 1999). To produce
observable scattering echoes, the central X-ray point source
needs to undergo a period of sustained brightness before
dimming by a factor >1000.

Simulations of AGN accretion and feedback show that the
supermassive black holes (SMBHs) powering quasars rarely
accumulate mass at a steady rate. They may spend the majority
of their time in a sub-Eddington phase, with near-Eddington
accretion events triggered by the sudden infall of new gas
(Gabor & Bournaud 2013). In simulations, periods of sustained
activity are punctuated by major feedback events that cause the
AGN to dip in luminosity by factors of 102–106 (Hopkins
et al. 2005; Novak et al. 2011).

Motivated by the simulations, rapid dimming after a
prolonged period of AGN activity is most likely to occur via
some feedback mechanism, though technically any burst of
activity longer than 103 yr will do. I will call nfb the
characteristic frequency for such a cataclysmic event to occur.
A rough estimate for the number of scattering echoes in the sky
is therefore

d n~ >⩾( )N t N F F z, 1 , (11)qech max fb th

where Nq is the total number of high-z quasars with an apparent
flux brighter than the threshold flux Fth. The above equation
requires that the characteristic periodicity of the AGN growth
and feedback process does not occur on a shorter timescale
than the echo, i.e., d n< -tmax fb

1. Otherwise, the point source
image will not remain suppressed relative to the scattering
image. This work also contains the assumption that AGNs
brighten slowly so that they remain at a low luminosity for a
time longer than dtmax , while feedback events are rapid
(Section 3.3).
The number of quasars able to illuminate the IGM,

⩾N F F( )q th is strongly dependent on a number of situational
factors, including the instrument background and image
exposure time. In addition, dtmax and Nq are linked because
the brighter quasars will produce the most visibly extended
halos. For the sake of theory, I examine the abundance of
scattering echoes one might expect for a perfect instrument
with zero background. Since the inner part of the halo will
vanish first, a scattering echo will qualitatively appear as a ring
of surface brightness with an angular radius corresponding to
the time delay dtmax after the feedback event. Figure 4 plots
contours of N Nqech using nfb and the halo radius calculated
from dtmax as seen in the 0.1 μm curve in the lower portion of
Figure 3. Given a characteristic feedback timescale, the
contours show the fraction of AGN that will have ring-like
echoes of a particular radius. For example, if n = -10fb

4 yr−1,
then 10% of AGN will have echoes 50″ in radius, and 50% of
them will have larger but dimmer echoes about 100″ in radius.
The 100% curve in Figure 4 marks the point at which
d n= -tmax fb

1. Larger nfb values will create a series of nested X-
ray echo rings, analogous to those seen around variable objects
(e.g., Tiengo et al. 2010).

Figure 3. Top: point source subtracted scattering halos from a uniform IGM,
using the same cosmological parameters as Figure 2. The halo brightness is
directly proportional to the average AGN flux (labeled Fsrc in the plot).
Scattering halos from two flux thresholds (black and gray curves) are plotted in
comparison to the typical Chandra detector background (dotted line). Bottom:
the maximal time delay as a function of observation angle, using two limiting
grain sizes. Scattering echoes visible by Chandra will last ∼1–100 yr.

Figure 4. Fraction of AGN (N Nqech ) with X-ray scattering echoes of a given
size, for a particular nfb. The plotted contours, from black to lightest gray, are
100, 50, 10, and 1%. Beyond the 100% contour, X-ray scattering echoes will
appear as nested rings.
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quasars in the entire sky capable of producing observable
scattering echoes from uniformly distributed, diffuse
IGM dust.

In all the catalogs examined, no sources are sufficiently
bright to detect CGM dust models evaluated thus far. I will
therefore omit the CGM from further discussion in this work.

Figure 3 compares the Chandra ACIS background to the
predicted IGM scattering halo intensity using the minimum
threshold from Table 1 and a value 10 times brighter than the
minimum RASS BSC flux: ´ -5 10 12 erg s−1 cm−2. There are
seven >z 1 RASS BSC quasars that meet this higher
threshold. The bottom portion of Figure 3 shows the maximum
time delay as a function of observation angle and grain size.
The observable scattering echo, which is confined to
a - ´⩽ 5 20 , should last -1 100 yr.

3.2. Constraints on AGN Variability

Hour- to day-long activity, such as an X-ray afterglow to a
gamma-ray burst, produces an echo that probes only a tiny
fraction of the total dust column. Therefore, burst activity will
not make a particularly good probe of the diffuse IGM or
intervening galaxies (Miralda-Escudé 1999). To produce
observable scattering echoes, the central X-ray point source
needs to undergo a period of sustained brightness before
dimming by a factor >1000.

Simulations of AGN accretion and feedback show that the
supermassive black holes (SMBHs) powering quasars rarely
accumulate mass at a steady rate. They may spend the majority
of their time in a sub-Eddington phase, with near-Eddington
accretion events triggered by the sudden infall of new gas
(Gabor & Bournaud 2013). In simulations, periods of sustained
activity are punctuated by major feedback events that cause the
AGN to dip in luminosity by factors of 102–106 (Hopkins
et al. 2005; Novak et al. 2011).

Motivated by the simulations, rapid dimming after a
prolonged period of AGN activity is most likely to occur via
some feedback mechanism, though technically any burst of
activity longer than 103 yr will do. I will call nfb the
characteristic frequency for such a cataclysmic event to occur.
A rough estimate for the number of scattering echoes in the sky
is therefore

d n~ >⩾( )N t N F F z, 1 , (11)qech max fb th

where Nq is the total number of high-z quasars with an apparent
flux brighter than the threshold flux Fth. The above equation
requires that the characteristic periodicity of the AGN growth
and feedback process does not occur on a shorter timescale
than the echo, i.e., d n< -tmax fb

1. Otherwise, the point source
image will not remain suppressed relative to the scattering
image. This work also contains the assumption that AGNs
brighten slowly so that they remain at a low luminosity for a
time longer than dtmax , while feedback events are rapid
(Section 3.3).
The number of quasars able to illuminate the IGM,

⩾N F F( )q th is strongly dependent on a number of situational
factors, including the instrument background and image
exposure time. In addition, dtmax and Nq are linked because
the brighter quasars will produce the most visibly extended
halos. For the sake of theory, I examine the abundance of
scattering echoes one might expect for a perfect instrument
with zero background. Since the inner part of the halo will
vanish first, a scattering echo will qualitatively appear as a ring
of surface brightness with an angular radius corresponding to
the time delay dtmax after the feedback event. Figure 4 plots
contours of N Nqech using nfb and the halo radius calculated
from dtmax as seen in the 0.1 μm curve in the lower portion of
Figure 3. Given a characteristic feedback timescale, the
contours show the fraction of AGN that will have ring-like
echoes of a particular radius. For example, if n = -10fb

4 yr−1,
then 10% of AGN will have echoes 50″ in radius, and 50% of
them will have larger but dimmer echoes about 100″ in radius.
The 100% curve in Figure 4 marks the point at which
d n= -tmax fb

1. Larger nfb values will create a series of nested X-
ray echo rings, analogous to those seen around variable objects
(e.g., Tiengo et al. 2010).

Figure 3. Top: point source subtracted scattering halos from a uniform IGM,
using the same cosmological parameters as Figure 2. The halo brightness is
directly proportional to the average AGN flux (labeled Fsrc in the plot).
Scattering halos from two flux thresholds (black and gray curves) are plotted in
comparison to the typical Chandra detector background (dotted line). Bottom:
the maximal time delay as a function of observation angle, using two limiting
grain sizes. Scattering echoes visible by Chandra will last ∼1–100 yr.

Figure 4. Fraction of AGN (N Nqech ) with X-ray scattering echoes of a given
size, for a particular nfb. The plotted contours, from black to lightest gray, are
100, 50, 10, and 1%. Beyond the 100% contour, X-ray scattering echoes will
appear as nested rings.
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Dust scattering echoes provide a window on  
ISM dust structure with unprecedented detail 

ISM is relatively optically thin to X-rays, 
allowing us to probe structure from a large distance 

Next generation of X-ray telescopes 
can provide many more dust scattering echoes 

Potential to probe dusty extragalactic structures 
in conjunction with AGN variability time scales


