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•How do we measure its distance?

•What is its distribution in the Galaxy?

•What is it made of?
• What is the grain size distribution?
• What it its mineralogy?
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ABSTRACT 
The observed interstellar extinction over the wavelength range 0.11 /xm < À < 1 /¿m was 

fitted with a very general particle size distribution of uncoated graphite, enstatite, olivine, silicon 
carbide, iron, and magnetite. Combinations of these materials, up to three at a time, were con- 
sidered. The cosmic abundances of the various constituents were taken into account as constraints 
on the possible distributions of particle sizes. 

Excellent fits to the interstellar extinction, including the narrowness of the À2160 feature, 
proved possible. Graphite was a necessary component of any good mixture, but it could be used 
with any of the other materials. The particle size distributions are roughly power law in nature, 
with an exponent of about —3.3 to —3.6. The size range for graphite is about 0.005 /zm to about 
1 ¿on. The size distribution for the other materials is also approximately power law in nature, 
with the same exponent, but there is a narrower range of sizes: about 0.025-0.25 /¿m, depending 
on the material. The number of large particles is not well determined, because they are gray. 
Similarly, the number of small particles is not well determined because they are in the Rayleigh 
limit. This power-law distribution is drastically different from an Oort-van de Hulst distribution, 
which is much more slowly varying for small particles but drops much faster for particles larger 
than average. 

The extinction was also fitted with spherical graphite particles plus cylinders of each of the other 
materials. Linear and circular polarizations were then determined for the cylinders on the assump- 
tion of Davis-Greenstein alignment. The extinction was quite satisfactory, but the linear polariza- 
tion reached a maximum in the ultraviolet (about 1600 Â). This is because the mixture contains 
many small particles. If the small particles are not elongated or aligned, the wavelength depend- 
ence of the polarization can be fitted, but the larger particles which are aligned do not provide 
enough polarization per magnitude of extinction. However, a fit to polarization and extinction 
can be achieved if the material responsible for the polarization contributes only a small part of 
the extinction but consists of fairly large particles and is very well aligned. Dielectric particles 
with coatings could also provide the polarization. 
Subject headings: interstellar : matter «— polarization — ultraviolet : spectra 

I. INTRODUCTION 
The wavelength dependence of the interstellar 

extinction is remarkably uniform over the sky (Bless 
and Savage 1972; York et al 1973; Nandy et al. 1976). 
The wavelength dependence of the linear polarization 
is much more variable, but is a simple function of 
(A/Amax), where Amax is the wavelength of maximum 
polarization (generally about 5500 Â). In only a few 
directions, such as the Orion or p Oph regions, does 
the extinction differ markedly from the “standard” 
law. In these regions the linear polarization is also 
peculiar (Serkowski, Mathewson, and Ford 1976). The 
circular polarization (Martin 1974, 1975) has been 
observed for comparatively few objects. Its most 
interesting property is a change in signs, occurring at 
about Amax. 

There have been dozens of papers throughout the 
years on interpreting the extinction of dust in terms of 
various constituents. Most of these have necessarily 
dealt with the spectral region accessible from the 

ground. This paper will discuss fitting the extinction 
data from A = 1 pm to A = 0.11 pm. 

We will concentrate on the extinction rather than 
the polarization data for two reasons. First, the ob- 
served extinction, if normalized, is well observed and 
uniform, while polarization is much more variable. 
Second, extinction can be calculated with much more 
confidence than can the linear polarization, which in 
turn is more predictable than the circular polarization. 
We discuss our method of fitting the extinction in § II 
and the results of such fitting in § III. In § IV we discuss 
polarization rather briefly. 

II. TECHNIQUES OF FITTING EXTINCTION 
We wish to find a suitable size distribution of 

particles of various materials : graphite; silicon carbide, 
SiC; enstatite, (Fe, Mg)Si03; olivine, (Fe, Mg)2Si04; 
iron; and magnetite, FegC^. Other materials such as 
magnesium carbonates (Gillett, Forrest, and Merrill 
1973) could be added, but we feel that most features 
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No. 1, 2010 THE DUST-SCATTERING X-RAY RINGS OF THE AXP 1E 1547.0–5408 229

Figure 1. First Swift/XRT image of the rings obtained in PC mode (left panel) and the XMM-Newton/EPIC image obtained 12 days later (right panel). The images
are slightly smoothed and the red, green, and blue colors correspond to the 0.5–1.4 keV, 1.6–4 keV, and 4–7 keV energy bands, respectively.
(A color version of this figure is available in the online journal.)

Table 1
Observations of 1E 1547.0–5408

Obs.ID Start Time End Time Instrument Exp./Modea

(MJD) (MJD) (s)

00340573000 54853.438 54853.464 Swift/XRT 1967/WT
00340573001 54853.505 54853.531 Swift/XRT 2204/WT
00340573001 54853.572 54853.587 Swift/XRT 1288/WT
00340573001 54853.639 54853.656 Swift/XRT 1432/WT
00340573001 54853.706 54853.722 Swift/XRT 1373/WT
00340923000 54854.642 54854.661 Swift/XRT 1658/PC
00030956031 54855.262 54855.385 Swift/XRT 2560/PC
00341055000 54856.132 54856.259 Swift/XRT 3999/PC
00341114000 54856.918 54857.012 Swift/XRT 4562/PC
00030956032 54858.063 54858.344 Swift/XRT 6182/PC
00030956033 54859.210 54859.417 Swift/XRT 4508/PC
00030956034 54859.951 54860.216 Swift/XRT 6416/PC
0560181101 54865.768 54866.422 XMM/PN 48626/FF
0560181101 54865.753 54866.424 XMM/M1 57040/FF
0560181101 54865.753 54866.424 XMM/M2 57080/FF

Note. a The time resolutions of the operating modes are: XRT WT: 1.766 ms;
XRT PC: 2.507 s; PN FF: 73 ms; MOS FF: 2.6 s.

mode14 and seven observations in PC mode (see Table 1). After
2009 January 30, the rings became too dim to be detected by
the Swift/XRT instrument. We therefore requested a 50 ks long
observation with XMM-Newton, that was performed on 2009
February 3–415 and allowed us to detect the faint rings thanks
to the great sensitivity and large field of view of the EPIC in-
strument. EPIC is composed of a PN (Strüder et al. 2001) and
two MOS X-ray cameras (Turner et al. 2001), that in this obser-
vation were operated in full frame mode, with the thick optical
blocking filter.

The Swift/XRT data were processed with standard procedures
using the FTOOLS task XRTPIPELINE (version 0.11.6). We
selected events with grades 0–2 for the WT data and grades

14 We did not use two WT mode observations obtained earlier (MJD
54853.303 and 54853.397) because at those times the rings were too small to
be resolved from the bright central source.
15 Due to visibility constraints, XMM-Newton could not observe the source
earlier.

0–12 for the PC data. For the spectral analysis, we used the latest
available spectral redistribution matrices (ver. 11). The XMM-
Newton/EPIC data were processed using the XMM-Newton
Science Analysis Software (SAS ver. 9.0.0) and the most recent
calibration files. The standard pattern selection criteria for the
EPIC X-ray events (patterns 0–4 for PN and 0–12 for MOS) were
adopted. The XMM-Newton observation was not contaminated
by background flares.

4. DATA ANALYSIS AND RESULTS

Figure 1 shows the images of the first XRT observation in
PC mode and of the EPIC observation. Three concentric rings,
centered at the position of 1E 1547.0–5408, are clearly visible
in the images. They could be due to scattering of three bursts by
a thin dust layer along the line of sight or by three dust layers
scattering the same event.

4.1. Ring Expansion

To derive the expansion rate of the dust-scattering rings we
used only the full imaging data, in which the ring radii can
be well constrained (seven XRT observations in PC mode and
the sum of the three EPIC images). We first cleaned the data
by excluding time intervals during which bright bursts from
1E 1547.0–5408 were detected.

We limited the analysis of the XRT data to the 1–6 keV
energy range, where the rings are significantly detected. In order
to avoid contamination by spatially variable emission lines in
the instrumental background, the analysis of the PN and MOS
data was restricted to the 1.6–6 keV and the 1.9–6 keV range,
respectively. In EPIC, we removed the point sources detected in
the field and the out-of-time PN events from the bright central
source. For each data set, we extracted a radial profile centered
at the position of 1E 1547.0–5408, as derived with a standard
centroid search algorithm in each observation. The number of
counts in each radial bin was normalized to the enclosed area
and divided by the corresponding average exposure time derived
from the exposure map, in order to correct the observed profile
for the vignetting, the dead detector areas, and the excluded
regions. The resulting radial profiles, where the peaks due to
three rings are clearly visible, are shown in Figure 2.

Tiengo+’10

 SGR 1E 1547.0-5408 
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Circinus X-1
• An extraordinary X-ray source

• Distance unknown (5 to 15 kpc)
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The MAXI all sky X-ray movie



Cir X-1 wakes up…
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…and goes back to sleep
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Dust echoes
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Where is the Dust?
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time variable behavior, the scattered emission will reflect the variability of the source, and

because the scattered X-rays traverse a longer path than the X-rays directly received from

the source, the scattered emission will be delayed, creating an echo of the X-ray variability

signatures of the source. This behavior can be used to study both the source and the

intervening dust (Xiang et al. 2011; Corrales & Paerels 2015).

If the source exhibits a temporally well-defined flare followed by a period of quiescence,

the scattering signal takes the form of discrete rings. The geometry of dust scattering

echoes is described in detail by Vianello et al. (e.g. 2007); Tiengo et al. (e.g. 2010); Heinz

et al. (e.g. 2015). Here, we will briefly summarize the basic geometric features of light echo

rings and define quantities used throughout the paper. The cartoon in shown in Fig. 1

shows a simple sketch of the geometry.

For an X-ray source at distance D, X-rays traveling towards the observer can be

scattered by intervening dust. A dust cloud at distance Ddust = xD (where x is the

fractional dust distance relative to the source distance) can scatter X-rays traveling along

some initial angle φ relative to the line of sight towards the observer, such that they arrive

at an observed angle θ relative to the line of sight. The scattering angle is thus θsc = φ+ θ.

Because the scattered X-rays (observed at time tobs) have to traverse a longer distance,

they will arrive with a time delay ∆t = tobs − tflare relative to the un-scattered X-rays

(observed at time tflare), given by

∆t =
xDθ2

2c (1− x)
(1)

If the dust along the line of sight is concentrated into dense clouds (such that the cloud

extent is small compared to D), and if the X-ray flare is comparable to or shorter than ∆t,

the light echo will take the form of well defined rings with angular distance from the optical

axis towards the source of

θ =

√
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Chandra spectra:
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Fig. 1.— Cartoon of dust scattering geometry and nomenclature
used throughout this paper. X-rays from a source at distance D
scatter o↵ a single dust layer at distance xD (such that the frac-
tional distance is x). The observed angle of the scattered X-rays
is ✓, while the true scattering angle is ✓sc = ✓ + ↵. The scattered
X-rays travel an additional path length of �D = �D1 +�D2.

For a well-defined (short) flare of X-rays, the scattered
flare signal propagates outward from the source in an
annulus of angle

✓ =

r
2c�t(1� x)

xD
(3)

For a point source X-ray flux F (t) scattered by a thin
sheet of dust of column density NH, the X-ray intensity
I⌫ of the dust scattering annulus at angle ✓ observed at
time tobs is given by (Mathis & Lee 1991)

I⌫(✓, tobs) = NH
F⌫(tobs ��t✓)

(1� x)2
d�⌫

d⌦
(4)

where �t✓ is given by eq. (2) and d�⌫/d⌦ is the di↵er-
ential dust scattering cross section per Hydrogen atom,
integrated over the grain size distribution (e.g. Mathis &
Lee 1991; Draine 2003). In the following, we will refer to
the quantity NHd�⌫/d⌦ as the dust scattering depth.
For a flare of finite duration scattering o↵ a dust layer

of finite thickness, the scattered signal will consist of a
set of rings that reflect the di↵erent delay times for the
di↵erent parts of the lightcurve relative to the time of the
observation and the distribution of dust along the line of
sight.12

In the presence of multiple well-defined scattering lay-
ers at di↵erent fractional distances x (with thickness
ldust ⌧ D), each layer will generate a separate set of
annuli. At a given time delay, the annuli of a fixed, short
segment of the lightcurve are defined by the intersections
of an ellipsoid of constant path length and each scatter-
ing layer. The superposition of the annuli from all dust
layers (clouds) and the di↵erent parts of the flare light
curve will create a set of (partially overlapping) rings.
This situation is illustrated in Fig. 2.
If the lightcurve of the X-ray flare that created the

echo is known, an X-ray image of such a set of light-
echo rings with su�ciently high angular resolution and
signal-to-noise may be de-composed into contributions
from a set of distinct dust layers at di↵erent distances.
Such observations require both high angular resolution
and su�ciently large collecting area and low background

12 Because we will discuss delay times of several months, the
much shorter duration of the X-ray observations may be neglected
in the following discussion.

Fig. 2.— Cartoon of the X-ray dust-scattering echo analyzed in
this paper: A bright flare from a point source (center of the source
plane) propagates towards the observer. Dust in dense interstellar
clouds between observer and source scatters X-rays towards the
observer, producing a light echo in the form of well defined rings.
In this example, four clouds [a]-[d] shown in blue, green, yellow,
and red, are located at di↵erent distances, illuminated by a bright
flare (blue lightcurve) and producing four well defined rings in the
image/source plane.

to detect the rings. The Chandra X-ray observatory is
ideally suited for such observations.

1.2. Dust Echoes of Galactic X-ray Sources

X-ray rings generated by dust scattering light echoes
are extremely rare. To date, rings have been reported
from five gamma-ray bursts (Vianello et al. 2007, and
references therein). For Galactic X-ray sources, observa-
tions of light echoes have been even more elusive. The
soft gamma-ray repeater 1E 1547.0-5408 was the first
Galactic X-ray source to show a clear set of bright X-ray
light echo rings (Tiengo et al. 2010). Two other sources
have also been reported to show light echo rings: the soft
gamma-ray repeater SGR 1806-20 (Svirski et al. 2011)
and the fast X-ray transient IGR J17544-2619 (Mao et al.
2014). However, the fluence of the initial X-ray flare
in the latter two cases was too low to produce clearly
resolved, arcminute-scale rings and both detections are
tentative. In addition, McCollough et al. (2013) found
repeated scattering echoes from a single ISM cloud to-
wards Cygnus X-3.
In the case of GRBs, the source is known to be at cos-

mological distances, which makes the scattering geome-
try particularly simple, since the source is e↵ectively at
infinite distance and the scattering angle is equal to the
observed ring angle on the sky, which simplifies eq. (3)
to

✓GRBecho =

r
2c�t

Ddust
(5)

An observed ring radius ✓GRBecho and delay time �t
therefore unambiguously determines the distance to the
dust.
However, in the case of Galactic sources, eq. (3) for

✓(�t,D, x) cannot be inverted to solve for the distance
to either the dust or the source individually, unless the
distance to either the source or the dust is known apriori.
If a particular ring can be identified with a dust cloud
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Figure 2. Parallax signature of V404 Cyg in right ascension and declination.
The best-fit position and proper motion have been subtracted from the measured
astrometric positions. The gray points show the displacement of the check source
from its weighted mean position (dotted line), shifted by 0.7 mas for clarity, and
scaled by a factor 1/7 to correct for its relative distance from the phase-reference
source. This illustrates the scale of the systematic errors.

µα cos δ = −5.04 ± 0.02 mas yr−1,

µδ = −7.64 ± 0.03 mas yr−1,

π = 0.418 ± 0.024 mas.

The fitted parallax signal, with the best-fitting proper motion
removed, is shown in Figure 2. The reduced-χ2 value of the fit
is 3.2, which, with 9 degrees of freedom, implies a >95% confi-
dence result. A bootstrap data-stripping analysis, as detailed by
Chatterjee et al. (2009), confirmed the validity of these results,
giving median values differing by less than 1σ from those found
by the SVD fit, albeit with slightly larger error bars owing to
the data stripping. Our fitted parallax corresponds to a source
distance of 2.39 ± 0.14 kpc.

3. DISCUSSION

3.1. Extinction-based Distances

Our fitted source distance is significantly closer than the best
previous distance estimate of 4.0+2.0

−1.2 kpc (Jonker & Nelemans
2004). However, that estimate was derived using an assumed
interstellar extinction of AV = 3.3, and did not take into
account uncertainties in the extinction. Hynes et al. (2009)
fitted the full multiwavelength spectral energy distribution with
a template spectrum for a K0 IV star and found a formal best-
fit reddening of AV = 4.0. Indeed, we find that increasing
AV to close to 4.0 brings the estimate of Jonker & Nelemans
(2004) down into agreement with our results. This highlights the
importance of using accurate extinction values when estimating
source distances. Given the typical uncertainties in the extinction
towards black hole soft X-ray transients (Jonker & Nelemans
2004), we conclude that this issue is likely to affect the
majority of such systems, rendering their distance estimates
also uncertain.

3.2. Source Luminosity

Our measured distance is significantly closer than the 3.5–
4.0 kpc commonly assumed for the source (e.g., Jonker &
Nelemans 2004; Gallo et al. 2005; Bradley et al. 2007; Corbel

et al. 2008), reducing its luminosity by a factor of 2.2–
2.8. The quiescent 0.3–10 keV unabsorbed flux of 1.08 ×
10−12 erg cm−2 s−1, derived using a power-law model for
the X-ray spectrum (Bradley et al. 2007), implies a quiescent
luminosity of ∼7×1032 erg s−1. Makino et al. (1989) measured
a maximum flux of 17 Crab with Ginga during the 1989
outburst of V404 Cyg, implying a 1–70 keV luminosity of
7.0 × 1038 erg s−1, which is of order 0.5LEdd for the black
hole mass of 12 ± 2 M⊙ derived for V404 Cyg (Shahbaz et al.
1994). Thus, the system was not super-Eddington during the
1989 outburst. Furthermore, in reducing the source radio and
X-ray luminosities, our new distance will reduce the scatter in
the radio/X-ray correlation (Gallo et al. 2003), bringing the
points measured for V404 Cyg into better alignment with those
of GX 339-4.

3.3. Peculiar Velocity

With a more accurate distance and proper motion for the
source, and the updated Galactic rotation parameters (R⊙ =
8.4 kpc, Θ⊙ = 254 km s−1) given by Reid et al. (2009) (but
note McMillan & Binney 2009), we can revisit the analysis of
Miller-Jones et al. (2009) to derive a more accurate peculiar
velocity of 39.9 ± 5.5 km s−1. This error bar now includes
the uncertainties in both the distance and in all three space
velocity components. This new value is significantly lower
than the best-fitting peculiar velocity of 64 km s−1 derived
for a 4 kpc distance (Miller-Jones et al. 2009), and can easily
be achieved via a Blaauw kick (Blaauw 1961), such that no
asymmetric supernova kick is required. The component of
the peculiar velocity in the Galactic Plane is 39.6 km s−1,
which, compared to the expected velocity dispersion in the
Galactic Plane of 18.9 km s−1(Mignard 2000) for the likely
F0-F5 progenitor of the donor star, is a 2.1σ result, implying
a probability of only 0.038 that the peculiar velocity is a result
of Galactic velocity dispersion (for more details, see Miller-
Jones et al. 2009). We therefore find it most probable that
the peculiar velocity arises from a natal supernova kick, the
magnitude of which is consistent with recoil due to mass loss
(a Blaauw kick), with any additional asymmetric kick being
small.

3.4. Size Constraints

Miller-Jones et al. (2009) placed an upper limit of 1.3 mas on
the source size, corresponding to a physical size of <3 AU
at our new distance. While we did not resolve the source,
our highest-resolution data, taken with a global VLBI array
at 22 GHz, constrain the source size to <0.6 mas, a physical
size of <1.4 AU. We can therefore place a lower limit of 106 K
on the brightness temperature of the source. From the high
brightness temperature, the observed flat radio spectrum (Gallo
et al. 2005) characteristic of a steady, partially self-absorbed
conical outflow (Blandford & Königl 1979), and the location of
the source on the radio/X-ray correlation of Gallo et al. (2003),
at the high-luminosity end of which jets have been directly
resolved (Stirling et al. 2001), we infer that the observed radio
emission is likely to arise from compact, steady synchrotron-
emitting jets.

Our upper limit on the jet size can be compared to that of the
resolved jets in Cygnus X-1 (Stirling et al. 2001), with an angular
size of 15 mas at 8.4 GHz. Since the jet size scales inversely with
observing frequency (Blandford & Königl 1979), this implies
5 mas at 22 GHz, for a physical scale of 10(d/2 kpc) AU. Since

D = 2.39± 0.14 kpc

M = 12± 3M�

V404 Cygni



57190  57194  57198  571202
t [MJD]

0

5

10

15

20

F J
EM

X
l [

Cr
ab

] INTEGRAL 3−7 keV JEMX lightcurve
       

 

0
10

20

30

40
50

F S
PI

 [C
ra

b]

INTEGRAL 20−100 keV SPI lightcurve
       

 

0
10
20
30
40
50

F B
A

T [
C

ra
b] Swift 15−30 keV BAT lightcurve

       
 

−0.2
0.0

0.2

0.4

0.6
 

C
ro

ss
 c

or
re

la
tio

ns Swfit 00031404071 vs. 00031403079
Chandra 17701 vs. 17704

       
       

 

0.0
0.2
0.4
0.6
0.8
1.0

F C
ha

nd
ra
 [a

rb
itr

ar
y] 1−3 keV reconstructed lightcurve

       

       
 

0.0
0.2
0.4
0.6
0.8
1.0

C
um

ul
at

iv
e 

flu
en

ce Chandra reconstructed
BAT
INTEGRAL



V404 Cygni

Beardmore+’15



Chandra (DDT)



 

 

 

 

 

 

10:00

34:00:00

55:00

50:00

45:00

40:00

20:25:00 24:00 23:00   
RA (J2000)

D
EC

 (J
20

00
)

0.00.20.40.60.81.0
 

 

 

 

10−6 I [
er

gs
 c

m
−2

s−
1 Sr

−1
]

[a][b][c][d][e][f][g][h]

[a][b][c][d][e][f][g][h]

Chandra (DDT-2)



5.0 5.2 5.4 5.6 5.8
Θ [arcmin]

0

1×10−9

2×10−9

3×10−9

4×10−9

I 1
−

2
k

eV
 [

er
g

s/
cm

2
/s

]

[a]

6.0 6.2 6.4 6.6 6.8 7.0
Θ [arcmin]

 

 

 

 

 [b]
      

0

2×10−10

4×10−10

6×10−10

8×10−10

I 1
−

2
k

eV
 [

er
g

s/
cm

2
/s

]

9.0 9.2 9.4 9.6 9.8 10.0
Θ [arcmin]

[c]

    

 

 

 

 

 

10.0 10.5 11.0 11.5
Θ [arcmin]

[d]

57190  57194  57198  571202
t [MJD]

0

5

10

15

20
F J

EM
X

l [
Cr

ab
] INTEGRAL 3−7 keV JEMX lightcurve

       
 

0
10

20

30

40
50

F S
PI

 [C
ra

b]

INTEGRAL 20−100 keV SPI lightcurve
       

 

0
10
20
30
40
50

F B
A

T [
Cr

ab
] Swift 15−30 keV BAT lightcurve

       
 

−0.2
0.0

0.2

0.4

0.6
 

Cr
os

s c
or

re
la

tio
ns Swfit 00031404071 vs. 00031403079

Chandra 17701 vs. 17704

       
       

 

0.0
0.2
0.4
0.6
0.8
1.0

F C
ha

nd
ra
 [a

rb
itr

ar
y] 1−3 keV reconstructed lightcurve

       

       
 

0.0
0.2
0.4
0.6
0.8
1.0

C
um

ul
at

iv
e 

flu
en

ce Chandra reconstructed
BAT
INTEGRAL



8 Clouds



8 Clouds



0.0

0.2

0.4

0.6

0.8

1.0

1.2

Δ
E(

B−
V

)

 

 

 

 

 

 

 

 

1.0 1.5 2.0
D [kpc]

0

5

10

15

20
N

H
 d
σ

/d
Ω

 (Θ
sc

/1
00

0"
)3.

0  [S
r−1

] Pan−STARRS E(B−V)
Swift
Chandra

  [a][b]  [c][d][e][f][g][h]



 

 

 

 

34:00:00

55:00

50:00

45:00

24:00 
RA (J2000)

D
EC

 (J
20

00
)

0.00.20.40.60.81.0
 

 

 

 

 

 

10−8

10−7

10−6

I [
er

gs
 c

m
−2

s−
1 Sr

−1
]

Heinz+’16





Mathis, Rumpl, & Nordsieck '77
Weingartner & Draine ’01

Zubko, Dwek, & Arendt ’04

103

✓sc [arcsec]

10�20

10�19

10�18

d�
/d

⌦
[c

m
�

2
H

�
1
S
r�

1
]

E = 0.6 keV

amax = 0.03µ

amax = 0.05µ

amax = 0.12µ

amax = 0.54µ

100

E [keV]

10�20

10�19

10�18

d�
/d

⌦
[c

m
�

2
H

�
1
S
r�

1
]

✓sc = 500.0”, E = 0.6 keV

amax = 0.03µ

amax = 0.05µ

amax = 0.12µ

amax = 0.54µ

Grain Size Distributions



R
ing [b]

N
WR
ing [a]

N
W

θ
sc

[a]

[b]

[c]
dire

ct p
ath

sc
at

te
re

d
 p

at
h

cloud responsible for ring [b]

additional absorption
additional absorption

ap
p
ar

en
t 
p
at

h

Fring,⌫ = e�⌃
c
i=a⌧⌫,i

2⇡cNH,b

x (1� x)D

d�sc,⌫

d⌦
F⌫



• Dust slope: 
̣ Best fit: a ~ 4.0

̣ A bit steeper than 
classic MRN

• Dust size: 
̣ amax > 0.15m

• Composition: 
̣ Standard graphite/

silicate mix, no ice

Fit:
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The Future
• Science requirements: Athena:

★ Angular resolution (~5”) ✔

★ Big field of view ✔

★ Large collecting area ✔

★ Low, stable background (✔)

★ ToO capabilities (✔)

★ Availability of all-sky monitor (✘)

★ Ability to observe bright point sources (✘)
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Figure 3. Left: A histogram of flares found in 271 MAXI light curves shows the fluence of the flares themselves (black) and
the estimated fluence of the corresponding dust echo (orange). Right: The number of sight lines that exhibit a flare (black) or
dust echo (orange) larger than a particular fluence, described on the horizontal axis. This represents the number of sight lines
available for performing dust echo tomography. The vertical dashed lines mark the threshold for flares (black) and corresponding
echo brightness (orange) above which dust echoes from Galactic XRBs have been observed today. 36 and 26 of the sight lines
satisfy two thresholds, respectively.

In conclusion, smoothing data has the advantage of reducing the number of false positives, because the variance
of the data is significantly reduced. The critical metric for the detectability of dust scattering echoes of flares is
their fluence, which is preserved in binning and smoothing. Section 2.1 demonstrates that the algorithm retrieved all
of the short duration flares with logFcgs > �3, which is an order of magnitude below our threshold of interest

demonstrated by the lower portion of Table 1. Thus, the benefits of using binned and smoothed data outweigh
the reduction of sensitivity to short flares.

3. RESULTS AND DISCUSSION

Of the 398 light curves analyzed, 271 exhibited outbursts that were picked up by the flare detection algorithm, and
a total of 862 distinct outbursts with logFcgs > �3 were found. Figure 3 shows a histogram of total number
of flares detected as function of fluence (black). We used the Chandra X-ray Center tool colden to look up the NH

value from HI surveys, in order to estimate the optical depth of X-ray scattering at 1 keV. We then multiplied the
fluence of each flare by a factor of (1� e�⌧ ) to estimate the integrated fluence of the resulting dust echo (orange).
A higher background makes it di�cult to observe a dust scattering halo. A small fluence (relative to

the quiescent state) will produce a small perturbation in the scattering halo brightness that is unlikely

to be observable. We use the examples of previously observed ring echoes from the bottom portion

of Table 1 to arrive at approximate thresholds for observability. We chose flares with logFcgs > �2 as

candidates for producing dust echo rings. However, some of these flares may appear bright due to having a
low ISM column. At the same time, bright flares o↵er the chance to produce serendipitous results in high contrast. For
example, V404 Cygni has NH ⇡ 6 ⇥ 1021 cm�2 or ⌧ ⇡ 0.1. The corresponding estimate yields the dimmest available
dust echo fluence (⇡ 0.006 erg cm�2) in Table 1, yet V404 Cygni produced some of the clearest multi-structured dust
echo rings (Heinz et al. 2016). We take 0.005 erg cm�2 as an approximate threshold for e↵ective dust echo tomography
with modern day instruments.
Because one object can produce multiple flares, we counted the number of MAXI targets that exhibited a flare

with fluence larger than a given threshold, yielding the number of sight lines available for dust echo tomography
(Figure 3, right). We found that 36 of the objects exhibited flares with logFcgs > �2, and 26 of these have

predicted dust echoes over the 0.005 erg cm
�2

threshold during the last 9 years of MAXI operation. However,
more analysis is needed to determine which of these would have produced the thin, high contrast rings that are ideal
for measuring the line-of-sight dust distribution.

3.1. Identifying Sources of Dust Echo Rings

High fluence flares are necessary to produce dust scattering halos, but many of them have a large fluence simply
because they are long. Two other conditions are important for identifying dust echo candidates. First, flares must be
short enough to produce sharp rings. Second, the bursts must be accompanied by a long period of quiescence so that
the dust echo rings stand out in contrast to the quiescent dust scattering halo. A survey by Valencic & Smith

Dust echo tomography with bright Galactic X-ray bursts 7

Figure 5. Predicted number of dust scattering echoes observable by di↵erent telescopes, depending on the e↵ective area and
background levels, as compared to Chandra. For the next generation of telescopes (Athena, Lynx, and AXIS) we expect about
30 times more dust echoes than observable with current instruments, depending on the background levels achieved.

In the next section, we use this trend to estimate the number of dust echoes that will be seen by the next generation
of X-ray observatories.

3.2. Avenues for Future Study

In the future, more sensitive X-ray telescopes will extend dust echo tomography to dimmer flares, opening up more
sight lines for probing the 3D distribution of dust via X-ray scattering. For a fixed exposure time, we solved for

the fluence (f) for which the signal-to-noise is the same as the signal-to-noise for a telescope with no

background (f0).

f =
f0
2

⇥
⇣
1 +

p
1 + 4b/f0

⌘
(2)

where b is the background surface brightness. Since any flux threshold is inversely proportional to the

e↵ective area (a), we substitute f0 with 1/a in Equation 2. We calculated f for a grid of e↵ective areas

and backgrounds, relative to Chandra. We then calculated the total number of scattering ring echoes

expected (N) by integrating the predicted fluence density distribution for echoes, dN/df , presented by

the orange line in Figure 4, and extrapolating the power law to fluences with logFcgs < �3. Figure 5

shows several contours for N , predicting the observable number of high signal-to-noise scattering ring

echoes, relative to the Chandra e↵ective area and background surface brightness.

Athena, expected to launch around 2030, will have a 1 keV e↵ective area of 2 m2 (Barcons et al. 2017), approximately
80 times the current soft X-ray e↵ective area for Chandra ACIS-I. Athena will thereby observe on the order of 30
times more dust echoes than Chandra can, depending on the instrument background levels. The concept mission,
Lynx, will have a similar e↵ective area to Athena with the imaging resolution of Chandra. The Advanced X-ray
Imaging Satellite (AXIS) concept mission has a proposed 1 keV e↵ective area of 7000 cm2 with 10-20 times lower
background than Chandra (Mushotzky 2018). Thus AXIS would be able to image a similar number of dust echoes to
Athena and Lynx.
The increased sensitivity o↵ered by the next generation of X-ray telescopes will also constrain the abundance and

distribution of dust in the intergalactic medium (IGM) through dust scattering echoes left behind by previously
active galactic nuclei (AGN). Using the formulations of Corrales (2015), a telescope with ten times the Chandra
sensitivity will be able to image IGM scattering echoes on the order of 2000 - 8000 in radius, corresponding to AGN
activity ⇠ 102 - 103 years prior. Using the numbers of bright z > 1 AGN visible from all-sky surveys, the number of
echoes one can expect to find in the entire sky is:

N IGM

ech
⇠ 10� 100

✓
⌫fb

10�3 yr�1

◆
(3)

Corrales et al. 2019

What does the 
future hold?




