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Tying SNRs to their Originating 
Explosions

Ways to classify explosions of SNRs 
(Type Ia versus core-collapse): 

• Identification of a central neutron star
• Light echoes (Rest et al. 2005, 2008; Krause et al. 2008)
• Metal abundance ratios (e.g., O/Fe)
• Environment (e.g., nearby molecular clouds)
• Nearby stellar populations 
• Morphologies (Type Ia SNRs are more circular/symmetric 
than CC SNRs: Lopez et al. 2009, 2011; Peters et al. 2013)

• Fe line centroid (Type Ia SNRs have lower ionization state 
Fe than CC SNRs: Yamaguchi et al. 2014)
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2 LOPEZ ET AL.

TABLE 1
Archival SNRs, Sorted by Age

Source ObsID ACIS Exposure Age Distance Radiusa LX
a References

(ks) (years) (kpc) (pc) (×1037 erg/s)

Type Ia Sources

0509−67.5 776, 7635, 8554 113 350–450 50 5.96 1.76 1
Kepler 6714–6718, 7366 751 405 5.0 3.88 0.19 2
Tycho 3887 150 437 2.4 3.72 0.12 3, 4

0519−69.0 118 40 400–800 50 6.56 1.06 5
N103B 125 37 860 50 5.96 1.67 5, 6

DEM L71 775, 3876, 4440 148 ∼4360 50 11.9 0.77 7, 8
0548−70.4 1992 60 ∼7100 50 17.9 0.96 9

Core-collapse Sources

Cas A 4634–4639, 5196, 5319–5320 993 309–347 3.4 3.77 2.58 10, 11
W49B 117 55 ∼1000 8.0 6.30 4.48 12

G11.2−0.3 780–781, 2322, 3909-3912 95 1623 5.0 4.17 1.18 13, 14
Kes 73 729 30 500–2200 8.0 6.11 0.94 15, 16

RCW 103 970 49 ∼2000 3.3 5.43 2.21 17
N132D 5532, 7259, 7266 90 ∼3150 50 21.47 9.92 18, 19

G292.0+1.8 6677–6680, 8221, 8447 516 ∼3300 6.0 9.45 0.56 20, 21
N49B 1041 35 10000 50 23.85 2.39 22

B0453−685 1990 40 13000 50 20.27 0.54 23

References. — (1) Badenes et al. (2008); (2) Reynolds et al. (2007); (3) Hwang et al. (2002); (4) Warren et al. (2005); (5)
Rest et al. (2005); (6) Lewis et al. (2003) (7) Hughes et al. (2003); (8) Ghavamian et al. (2003); (9) Hendrick et al. (2003); (10)
Hwang et al. (2004); (11) Fesen et al. (2006); (12) Lopez et al. (2009); (13) Clark & Stephenson (1977); (14) Kaspi et al. (2001);
(15) Gotthelf & Vasisht (1997); (16) Tian & Leahy (2008); (17) Carter et al. (1997); (18) Morse et al. (1995); (19) Borkowski et
al. (2007); (20) Chevalier (2005); (21) Park et al. (2007); (22) Park et al. (2003); (23) Gaensler et al. (2003)
a Radius R used in Eq. 3 of the power-ratio calculation. This radius is selected to enclose the entire source in the full-band
X-ray image, and it is determined assuming the distances listed above.
b X-ray luminosity in the 0.5–2.1 keV band, from the Chandra SNR Catalog.

distorts the morphology of the SNR (Chu & Kennicutt
1988; Warren et al. 2003). The final sample reflects all
SNRs that meet the above criteria.

Each source was observed for ∼30–1000 ks. Data re-
duction and analysis was performed using the Chandra
Interactive Analysis of Observations (ciao) Version 4.0.
We followed the ciao data preparation thread to re-
process the Level 2 X-ray data, and we extracted the
global Chandra X-ray spectra of each source using the
ciao command specextract. Exposure-corrected images
of the Si xiii line were then produced for each source
by filtering data to the narrow energy range of that fea-
ture (∼1.75–2.00 keV). In sources with less Si xiii counts
(0548−70.4, B0453−685, N49B), we used a larger energy
range (∼1.30-2.00 keV) that included the Mg xi line. The
Si xiii line was selected for our comparative analysis as
it is the only strong emission line common to all sixteen
sources. For sources with bright pulsars (G11.2−0.3, Kes
73, RCW 103, G292.0+1.8), the pulsar location and ex-
tent was identified using the ciao command wavdetect (a
source detection algorithm using wavelet analysis; Free-
man et al. 2002). We replaced the region identified by
wavdetect with pixel count values selected from the Pois-
son distribution of the area surrounding the pulsar us-
ing the ciao command dmfilth. This process removed
the bright pulsar while preserving the morphology of the
emission surrounding the pulsar.

Given the young-to-middle age of our sources (see Ta-
ble 1), we expect that all are ejecta-dominated. X-ray
spectral modeling generally confirms that abundances
are above those of the ISM (see references in Table
1), suggesting the emission is indeed dominated by the

shocked SN ejecta and not by shocked ISM. In the case
of G292.0+1.8, Park et al. (2004) show that the Si xiii
and S xv is contaminated by shocked ISM in its “belt”.
We note that our analysis of Ne ix and Mg xi in this
source (which Park et al. 2004 attribute to ejecta) gave
results consistent those of the Si xiii line.

2.2. Methods

To measure the ellipticity and mirror symmetry of
the X-ray line emission, we have applied a power-ratio
method (PRM) to the Si xiii images of our sixteen
sources. The PRM was first applied to quantify the X-
ray morphology of galaxy clusters observed with ROSAT
(Buote & Tsai, 1995, 1996) and with Chandra (Jeltema
et al. 2005). In Lopez et al. (2009), we employed the
method to compare the symmetry and elongation of line
emission in the complex SNR W49B. We refer the reader
to these papers for a detailed formalism; here, we give a
brief overview of the technique.

The PRM measures asymmetries in an image via cal-
culation of the multipole moments of the X-ray surface
brightness in a circular aperture. It is derived similarly
to the multipole expansion of the two-dimensional grav-
itational potential within an enclosed radius R:

Ψ(R, φ) = −2Ga0 ln
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mRm
(am cosmφ + bm sin mφ) , (1)
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Fig. 1.— Left: P2/P0 versus P3/P0 for sources classified as core-collapse SNRs (blue) and the Type Ia SNRs (red). SNR 0548−70.4 is
plotted in purple due to its tenuous classification as a Type Ia (see Section 3). Ellipticity/elongation increases with larger P2/P0; mirror
asymmetry increases with larger P3/P0. Right: Si xiii images of seven sources, plotted in the location of their power ratio values. Cyan
Xs mark their full-band centroids, and purple dots are placed at their locations on the power-ratio plot. The images of RCW 103 and
G292.0+1.8 have their pulsars removed using the method outlined in §2. Broadly, we find that Type Ia SNRs are more circular and
mirror-symmetrical than the CC SNe.

where the moments am and bm are

am(R)=

!

R′≤R

Σ(x⃗′) (R′)
m

cosmφ′d2x′,

bm(R)=

!

R′≤R

Σ(x⃗′) (R′)
m

sin mφ′d2x′,

x⃗′ = (R′, φ′), and Σ is the surface mass density. For our
imaging analyses, the X-ray surface brightness replaces
surface mass density in the power ratio calculation.

The powers of the multipole expansion are obtained
by integrating the magnitude of Ψm (the mth term in
the multipole expansion of the potential) over a circle of
radius R,

Pm(R) =
1

2π

! 2π

0
Ψm(R, φ)Ψm(R, φ)dφ. (2)

Ignoring the factor of 2G, this equation reduces to

P0 =[a0 ln (R)]2

Pm =
1

2m2R2m

"

a2
m + b2

m

#

(3)

The moments am and bm (and consequently, the pow-
ers Pm) are sensitive to the morphology of the X-ray
surface brightness distribution, and higher-order terms
measure asymmetries at successively smaller scales. To
normalize with respect to flux, we divide the powers by
P0 to form the power ratios, Pm/P0. P1 approaches zero
when the aperture is centered on the centroid of an im-
age, so we have set the origin in all analyses to the full-
band (0.5–8.0 keV) centroid of each remnant. In this
case, morphological information is given by the higher-
order terms, P2/P0 and P3/P0. The quadrupole power
P2 is sensitive to the ellipticity of a source, while the

moment P3 measures deviations from mirror symmetry
(such as triangular morphology). We utilize the radii R
listed in Table 1; radii were selected to enclose the full-
band emission of our targets.

A Monte Carlo approach described in Lopez et al.
(2009) is used to estimate the uncertainty in the power
ratios. Specifically, the exposure-corrected images (nor-
malized to have units of counts) are adaptively-binned
using the program AdaptiveBin (Sanders & Fabian 2001)
such that all zero pixels are removed to smooth out noise.
Then, noise is added back in by taking each pixel inten-
sity as the mean of a Poisson distribution and selecting
randomly a new intensity from that distribution. This
process was repeated 100 times for each Si xiii image,
creating 100 mock images per source. The 1-σ confi-
dence limits represent the sixteenth highest and lowest
power ratio obtained from the 100 mock images of each
source.

3. DISCUSSION

The calculated power ratios P2/P0 and P3/P0 for the Si
xiii images of our sources are plotted in Figure 1 (left),
with example Si xiii images of seven sources shown in
Figure 1 (right). The SNRs with elongated or barrel-like
features (like W49B, Cas A, and G292.0+1.8) have the
largest P2/P0 values, and sources that are more compact
and circular (e.g., 0519−69.0 and DEM L71) have the
lowest P2/P0. Since P2/P0 is a measure of ellipticity rel-
ative to the full-band centroid, some sources that appear
spherical by eye (like 0509−67.5 or 0548−70.4) have large
P2/P0 because they are brighter on one side and their
full-band centroids have off-center positions. SNRs with
obvious mirror asymmetries (such as N132D and N103B)
produce large P3/P0, while sources with line emission
distributed fairly evenly around their full-band centroids
(e.g., DEM L71 and 0509−67.5) have small P3/P0.

x`=(R`,φ) and Σ is the mass surface density (X-ray surface 
brightness in our calculation)                 
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duction and analysis was performed using the Chandra
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We followed the ciao data preparation thread to re-
process the Level 2 X-ray data, and we extracted the
global Chandra X-ray spectra of each source using the
ciao command specextract. Exposure-corrected images
of the Si xiii line were then produced for each source
by filtering data to the narrow energy range of that fea-
ture (∼1.75–2.00 keV). In sources with less Si xiii counts
(0548−70.4, B0453−685, N49B), we used a larger energy
range (∼1.30-2.00 keV) that included the Mg xi line. The
Si xiii line was selected for our comparative analysis as
it is the only strong emission line common to all sixteen
sources. For sources with bright pulsars (G11.2−0.3, Kes
73, RCW 103, G292.0+1.8), the pulsar location and ex-
tent was identified using the ciao command wavdetect (a
source detection algorithm using wavelet analysis; Free-
man et al. 2002). We replaced the region identified by
wavdetect with pixel count values selected from the Pois-
son distribution of the area surrounding the pulsar us-
ing the ciao command dmfilth. This process removed
the bright pulsar while preserving the morphology of the
emission surrounding the pulsar.

Given the young-to-middle age of our sources (see Ta-
ble 1), we expect that all are ejecta-dominated. X-ray
spectral modeling generally confirms that abundances
are above those of the ISM (see references in Table
1), suggesting the emission is indeed dominated by the

shocked SN ejecta and not by shocked ISM. In the case
of G292.0+1.8, Park et al. (2004) show that the Si xiii
and S xv is contaminated by shocked ISM in its “belt”.
We note that our analysis of Ne ix and Mg xi in this
source (which Park et al. 2004 attribute to ejecta) gave
results consistent those of the Si xiii line.

2.2. Methods

To measure the ellipticity and mirror symmetry of
the X-ray line emission, we have applied a power-ratio
method (PRM) to the Si xiii images of our sixteen
sources. The PRM was first applied to quantify the X-
ray morphology of galaxy clusters observed with ROSAT
(Buote & Tsai, 1995, 1996) and with Chandra (Jeltema
et al. 2005). In Lopez et al. (2009), we employed the
method to compare the symmetry and elongation of line
emission in the complex SNR W49B. We refer the reader
to these papers for a detailed formalism; here, we give a
brief overview of the technique.

The PRM measures asymmetries in an image via cal-
culation of the multipole moments of the X-ray surface
brightness in a circular aperture. It is derived similarly
to the multipole expansion of the two-dimensional grav-
itational potential within an enclosed radius R:
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Calculate multipole moments of the X-ray image (Buote & Tsai 
1995, 1996; Jeltema et al. 2005)  

Derived the same as in the expansion of 2D gravitational 
potential within a radius R (Binney & Tremaine, Section 2.4):                        

Using the Power-Ratio Method to 
Assess Morphology



Calculate multipole moments of the X-ray image (Buote & Tsai 
1995, 1996; Jeltema et al. 2005)                    

➡ Quadrupole: 
 measure of ellipticity
Large for elliptical source, 
small for circular source

➡ Octupole: 
measure of mirror  
asymmetry  
Large for sources with one 
brighter side; small for 
homogeneous sources                                                            
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higher P3 /P0 and higherP4 /P0 than the low-redshift clusters. In
particular, in the plot of P3 /P0 versus P4 /P0 the high-redshift
clusters appear for the most part in the top corner of the plot,
while the low-redshift clusters tend toward the bottom corner.
These results indicate that the high-redshift clusters have, on
average, more substructure and are dynamically young com-
pared to the low-redshift clusters. The fact that P2 /P0 does
not distinguish the two samples could stem from its sensitiv-
ity to ellipticity. As mentioned before, ellipticity is not a clear
indicator of dynamical state. In Figure 1, CL J0152.7!1357
has significant ellipticity, but V1121.0+2327, which also shows
significant substructure, is comparatively round. In addition,
A1413 is fairly elliptical but also fairly relaxed. Ellipticity also
contributes to P4 /P0, but this ratio is more sensitive to smaller
scale structure than P2 /P0. P3 /P0 best distinguishes the high-
and low-redshift clusters. As an odd multipole term, this ratio is
not sensitive to ellipticity, and a large P3 /P0 is a clear indication
of an asymmetric cluster structure.

We performed a number of tests to establish the statistical
significance of the difference in power ratios between the high-

and low-redshift samples. A Wilcoxon rank sum test (e.g.,
Walpole & Myers 1993) gives a probability of 4:6 ; 10!5 that
the high- and low-redshift clusters have the same mean P3 /P0

and a probability of 0.025 for P4 /P0. A Kolmogorov-Smirnov
test (e.g., Press et al. 1992, x 14.3) also shows that the dis-
tributions of P3 /P0 and P4 /P0 differ significantly for the high-
and low-redshift samples, giving probabilities of 0.00064 and
0.041 for P3 /P0 and P4 /P0, respectively. These tests do not
show a significant difference in the distributions of P2 /P0.

Unfortunately, these tests do not include the uncertain-
ties in the power ratios. However, we have the results of the
Monte Carlo simulations, fromwhich we can resample the power
ratios for each cluster. To account for both the noise and sys-
tematic errors we combined the results of the error calcula-
tions for the three background normalizations, giving 300 sets
of power ratios for each cluster.We then randomly selectedP3 /P0

and P4 /P0 from these 300 for each cluster and reran the rank
sum and Kolmogorov-Smirnov (K-S) tests. This process was
repeated 1000 times. For P3 /P0, the rank sum test never gives a
probability higher than 0.018. The K-S test gives an average

Fig. 1.—Center: Plot of P2 /P0 vs. P3 /P0. Smoothed images for six clusters are also shown with their power ratios indicated. Both the double cluster
CL J0152.7!1357 and the complex cluster V1121.0+2327 have high power ratios (top right), while RX J0439.0+0520, a relatively round, relaxed cluster, has small
power ratios. In between these are clusters with smaller scale substructure. A1413, an elliptical cluster, has similar P3 /P0 but higher P2 /P0 than RX J0439.0+0520 (odd
multipoles are not sensitive to ellipticity). Power ratios are computed in a 0.5 Mpc radius aperture. High-redshift clusters (z > 0:5) are plotted with diamonds and have
red error bars. Low-redshift clusters are plotted with asterisks and have blue error bars. The images were adaptively smoothed using the CIAO routine csmooth.

STRUCTURE EVOLUTION IN X-RAY GALAXY CLUSTERS 613No. 2, 2005

higher P3 /P0 and higherP4 /P0 than the low-redshift clusters. In
particular, in the plot of P3 /P0 versus P4 /P0 the high-redshift
clusters appear for the most part in the top corner of the plot,
while the low-redshift clusters tend toward the bottom corner.
These results indicate that the high-redshift clusters have, on
average, more substructure and are dynamically young com-
pared to the low-redshift clusters. The fact that P2 /P0 does
not distinguish the two samples could stem from its sensitiv-
ity to ellipticity. As mentioned before, ellipticity is not a clear
indicator of dynamical state. In Figure 1, CL J0152.7!1357
has significant ellipticity, but V1121.0+2327, which also shows
significant substructure, is comparatively round. In addition,
A1413 is fairly elliptical but also fairly relaxed. Ellipticity also
contributes to P4 /P0, but this ratio is more sensitive to smaller
scale structure than P2 /P0. P3 /P0 best distinguishes the high-
and low-redshift clusters. As an odd multipole term, this ratio is
not sensitive to ellipticity, and a large P3 /P0 is a clear indication
of an asymmetric cluster structure.

We performed a number of tests to establish the statistical
significance of the difference in power ratios between the high-

and low-redshift samples. A Wilcoxon rank sum test (e.g.,
Walpole & Myers 1993) gives a probability of 4:6 ; 10!5 that
the high- and low-redshift clusters have the same mean P3 /P0

and a probability of 0.025 for P4 /P0. A Kolmogorov-Smirnov
test (e.g., Press et al. 1992, x 14.3) also shows that the dis-
tributions of P3 /P0 and P4 /P0 differ significantly for the high-
and low-redshift samples, giving probabilities of 0.00064 and
0.041 for P3 /P0 and P4 /P0, respectively. These tests do not
show a significant difference in the distributions of P2 /P0.

Unfortunately, these tests do not include the uncertain-
ties in the power ratios. However, we have the results of the
Monte Carlo simulations, fromwhich we can resample the power
ratios for each cluster. To account for both the noise and sys-
tematic errors we combined the results of the error calcula-
tions for the three background normalizations, giving 300 sets
of power ratios for each cluster.We then randomly selectedP3 /P0

and P4 /P0 from these 300 for each cluster and reran the rank
sum and Kolmogorov-Smirnov (K-S) tests. This process was
repeated 1000 times. For P3 /P0, the rank sum test never gives a
probability higher than 0.018. The K-S test gives an average

Fig. 1.—Center: Plot of P2 /P0 vs. P3 /P0. Smoothed images for six clusters are also shown with their power ratios indicated. Both the double cluster
CL J0152.7!1357 and the complex cluster V1121.0+2327 have high power ratios (top right), while RX J0439.0+0520, a relatively round, relaxed cluster, has small
power ratios. In between these are clusters with smaller scale substructure. A1413, an elliptical cluster, has similar P3 /P0 but higher P2 /P0 than RX J0439.0+0520 (odd
multipoles are not sensitive to ellipticity). Power ratios are computed in a 0.5 Mpc radius aperture. High-redshift clusters (z > 0:5) are plotted with diamonds and have
red error bars. Low-redshift clusters are plotted with asterisks and have blue error bars. The images were adaptively smoothed using the CIAO routine csmooth.

STRUCTURE EVOLUTION IN X-RAY GALAXY CLUSTERS 613No. 2, 2005

higher P3 /P0 and higherP4 /P0 than the low-redshift clusters. In
particular, in the plot of P3 /P0 versus P4 /P0 the high-redshift
clusters appear for the most part in the top corner of the plot,
while the low-redshift clusters tend toward the bottom corner.
These results indicate that the high-redshift clusters have, on
average, more substructure and are dynamically young com-
pared to the low-redshift clusters. The fact that P2 /P0 does
not distinguish the two samples could stem from its sensitiv-
ity to ellipticity. As mentioned before, ellipticity is not a clear
indicator of dynamical state. In Figure 1, CL J0152.7!1357
has significant ellipticity, but V1121.0+2327, which also shows
significant substructure, is comparatively round. In addition,
A1413 is fairly elliptical but also fairly relaxed. Ellipticity also
contributes to P4 /P0, but this ratio is more sensitive to smaller
scale structure than P2 /P0. P3 /P0 best distinguishes the high-
and low-redshift clusters. As an odd multipole term, this ratio is
not sensitive to ellipticity, and a large P3 /P0 is a clear indication
of an asymmetric cluster structure.

We performed a number of tests to establish the statistical
significance of the difference in power ratios between the high-

and low-redshift samples. A Wilcoxon rank sum test (e.g.,
Walpole & Myers 1993) gives a probability of 4:6 ; 10!5 that
the high- and low-redshift clusters have the same mean P3 /P0

and a probability of 0.025 for P4 /P0. A Kolmogorov-Smirnov
test (e.g., Press et al. 1992, x 14.3) also shows that the dis-
tributions of P3 /P0 and P4 /P0 differ significantly for the high-
and low-redshift samples, giving probabilities of 0.00064 and
0.041 for P3 /P0 and P4 /P0, respectively. These tests do not
show a significant difference in the distributions of P2 /P0.

Unfortunately, these tests do not include the uncertain-
ties in the power ratios. However, we have the results of the
Monte Carlo simulations, fromwhich we can resample the power
ratios for each cluster. To account for both the noise and sys-
tematic errors we combined the results of the error calcula-
tions for the three background normalizations, giving 300 sets
of power ratios for each cluster.We then randomly selectedP3 /P0

and P4 /P0 from these 300 for each cluster and reran the rank
sum and Kolmogorov-Smirnov (K-S) tests. This process was
repeated 1000 times. For P3 /P0, the rank sum test never gives a
probability higher than 0.018. The K-S test gives an average

Fig. 1.—Center: Plot of P2 /P0 vs. P3 /P0. Smoothed images for six clusters are also shown with their power ratios indicated. Both the double cluster
CL J0152.7!1357 and the complex cluster V1121.0+2327 have high power ratios (top right), while RX J0439.0+0520, a relatively round, relaxed cluster, has small
power ratios. In between these are clusters with smaller scale substructure. A1413, an elliptical cluster, has similar P3 /P0 but higher P2 /P0 than RX J0439.0+0520 (odd
multipoles are not sensitive to ellipticity). Power ratios are computed in a 0.5 Mpc radius aperture. High-redshift clusters (z > 0:5) are plotted with diamonds and have
red error bars. Low-redshift clusters are plotted with asterisks and have blue error bars. The images were adaptively smoothed using the CIAO routine csmooth.
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pared to the low-redshift clusters. The fact that P2 /P0 does
not distinguish the two samples could stem from its sensitiv-
ity to ellipticity. As mentioned before, ellipticity is not a clear
indicator of dynamical state. In Figure 1, CL J0152.7!1357
has significant ellipticity, but V1121.0+2327, which also shows
significant substructure, is comparatively round. In addition,
A1413 is fairly elliptical but also fairly relaxed. Ellipticity also
contributes to P4 /P0, but this ratio is more sensitive to smaller
scale structure than P2 /P0. P3 /P0 best distinguishes the high-
and low-redshift clusters. As an odd multipole term, this ratio is
not sensitive to ellipticity, and a large P3 /P0 is a clear indication
of an asymmetric cluster structure.

We performed a number of tests to establish the statistical
significance of the difference in power ratios between the high-

and low-redshift samples. A Wilcoxon rank sum test (e.g.,
Walpole & Myers 1993) gives a probability of 4:6 ; 10!5 that
the high- and low-redshift clusters have the same mean P3 /P0

and a probability of 0.025 for P4 /P0. A Kolmogorov-Smirnov
test (e.g., Press et al. 1992, x 14.3) also shows that the dis-
tributions of P3 /P0 and P4 /P0 differ significantly for the high-
and low-redshift samples, giving probabilities of 0.00064 and
0.041 for P3 /P0 and P4 /P0, respectively. These tests do not
show a significant difference in the distributions of P2 /P0.

Unfortunately, these tests do not include the uncertain-
ties in the power ratios. However, we have the results of the
Monte Carlo simulations, fromwhich we can resample the power
ratios for each cluster. To account for both the noise and sys-
tematic errors we combined the results of the error calcula-
tions for the three background normalizations, giving 300 sets
of power ratios for each cluster.We then randomly selectedP3 /P0

and P4 /P0 from these 300 for each cluster and reran the rank
sum and Kolmogorov-Smirnov (K-S) tests. This process was
repeated 1000 times. For P3 /P0, the rank sum test never gives a
probability higher than 0.018. The K-S test gives an average

Fig. 1.—Center: Plot of P2 /P0 vs. P3 /P0. Smoothed images for six clusters are also shown with their power ratios indicated. Both the double cluster
CL J0152.7!1357 and the complex cluster V1121.0+2327 have high power ratios (top right), while RX J0439.0+0520, a relatively round, relaxed cluster, has small
power ratios. In between these are clusters with smaller scale substructure. A1413, an elliptical cluster, has similar P3 /P0 but higher P2 /P0 than RX J0439.0+0520 (odd
multipoles are not sensitive to ellipticity). Power ratios are computed in a 0.5 Mpc radius aperture. High-redshift clusters (z > 0:5) are plotted with diamonds and have
red error bars. Low-redshift clusters are plotted with asterisks and have blue error bars. The images were adaptively smoothed using the CIAO routine csmooth.
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Using the Power-Ratio Method to 
Assess Morphology
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Figure 1. Left: P2/P0 vs. P3/P0 for sources classified as CC SNRs (blue) and the Type Ia SNRs (red). SNR 0548−70.4 is plotted in purple due to its anomalous ejecta
properties (see Section 3). Right: Si xiii images of seven sources, plotted in the location of their power-ratio values. Cyan “X”s mark their full-band centroids, and purple
dots are placed at their locations on the power-ratio plot. The images of RCW 103 and G292.0+1.8 have their pulsars removed using the method outlined in Section 2.

Ignoring the factor of 2G, this equation reduces to

P0 = [a0 ln (R)]2 ,

Pm = 1
2m2R2m

!
a2

m + b2
m

"
. (3)

The moments am and bm (and consequently, the powers Pm)
are sensitive to the morphology of the X-ray surface brightness
distribution, and higher-order terms measure asymmetries at
successively smaller scales relative to the position of the aperture
center (the origin). To normalize with respect to flux, we
divide the powers by P0 to form the power ratios, Pm/P0.
P1 approaches zero when the origin is placed at the surface-
brightness centroid of an image, so we have set the aperture
center in all analyses to the full-band (0.5–8.0 keV) centroid
of each remnant. In this case, morphological information is
given by the higher-order terms. P2/P0 is the quadrupole ratio;
examples of sources that give highP2/P0 are those with elliptical
morphologies and those with off-center centroids because one
side is substantially brighter than the other. P3/P0 is the
octupole ratio; examples of sources that give high P3/P0 are
those with deviations from mirror symmetry relative to their
centroid.

A Monte Carlo approach described in Lopez et al. (2009) is
used to estimate the uncertainty in the power ratios. Specifically,
the exposure-corrected images (normalized to have units of
counts) are adaptively binned using the program AdaptiveBin
(Sanders & Fabian 2001) such that all zero pixels are removed
to smooth out noise. Then, noise is added back in by taking
each pixel intensity as the mean of a Poisson distribution and
selecting randomly a new intensity from that distribution. This
process was repeated 100 times for each Si xiii image, creating
100 mock images per source. The 1σ confidence limits represent
the 16 highest and lowest power ratios obtained from the 100
mock images of each source.

3. DISCUSSION

The calculated power ratios P2/P0 and P3/P0 for the Si xiii
images of our sources are plotted in Figure 1 (left), with example
Si xiii images of seven sources shown in Figure 1 (right). The
SNRs with elongated or barrel-like features (like W49B, Cas A,
and G292.0+1.8) have the largest P2/P0 values, and sources that
are more compact and circular (e.g., 0519−69.0 and DEM L71)
have the lowest P2/P0. Some sources that appear spherical by
eye (like 0509−67.5 or 0548−70.4) have large P2/P0 because
they are brighter on one side and their full-band centroids have
off-center positions. SNRs with obvious mirror asymmetries
(such as N132D and N103B) produce large P3/P0, while sources
with line emission distributed evenly around their full-band
centroids (e.g., DEM L71 and 0509−67.5) have small P3/P0.

Overall, we find that the power ratios of the Type Ia SNRs are
significantly different than those of the CC SNRs. The CC SNe
have roughly an order of magnitude larger quadrupole power
ratio: the mean P2/P0 of the Type Ia SNe is (7.7 ± 0.7) × 10−7

with a standard deviation of 6.9 × 10−7 (excluding SNR
0548−70.4, see discussion below) and of the CC SNe is
(80.3 ± 2.6) × 10−7 with a standard deviation of 56.1 × 10−7.
This result implies that the CC SNR line emission is compar-
atively much more elliptical or have more off-center centroids
than Type Ia SNRs. We find that the mean P3/P0 are also differ-
ent: the mean of the Type Ia SNe is (1.7±0.1)×10−7 (excluding
SNR 0548−70.4) with a standard deviation of 2.1 × 10−7 and
of the CC SNe is (3.5 ± 0.3) × 10−7 with a standard deviation
of 1.8 × 10−7. This result indicates that the X-ray line emission
in CC SNe is more mirror asymmetric than Type Ia SNe. Addi-
tionally, we find that the Type Ia SNRs with greater ellipticity
or off-center centroids (larger P2/P0) tend to have larger mirror
symmetry (smaller P3/P0), and those with less mirror symme-
try are significantly more circular or balanced surface bright-
ness (smaller P2/P0). Overall, the Type Ia and CC SNe seem
to naturally form two distinct populations in the P2/P0–P3/P0
plane.
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Figure 1: Left: Results from the power-ratio analysis of 24 Galactic and LMC SNRs: plot of the quadrupole power ratio
P2/P0 (a measure of ellipticity/elongation) versus the octupole power ratio P3/P0 (which quantifies mirror asymmetry) of the
SNRs’ soft-band X-ray images. Type Ia SNRs are in red, and the CC SNRs are in blue (based on their abundance ratios). One
source, 0548−70.4, is in purple because of its anomalous abundance ratios. The Type Ia SNRs separate naturally from the CC
SNRs in this diagram, enabling the typing of SNRs (Lopez et al. 2009b). Right: The soft-band images of the 24 SNRs that
comprise the left panel. Red numbers denote Type Ia SNRs, blue denote CC SNRs, and objects are sorted by age within types.
Blue circles denote centroids of each SNR.
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Figure 2: Maps of the four pressure components across 30 Dor (from left: the direct radiation pressure; the dust-processed
radiation pressure; the warm HII gas pressure; the hot X-ray gas pressure). All four are on the same color scale to enable visual
comparison. Pdir dominates in the center, and PHII dominates at larger radii.

Table 1: Methodology to Measure Pressures Associated with Each Feedback Process

Source of Pressure Data Method

Pressure Relation Used
a

Convert UBV magnitudes to total
Direct Stellar Radiation Pdir = Lbol/(4πr2c) Optical stellar luminosity Lbol

Energy density uν of radiation ab-
Radiation Trapped by Dust PIR = uν/3 IR sorbed by dust from Spitzer IR SED

modeling (Draine & Li 2007)
Electron density ne from 3.5-cm

Warm HII Gas PHII = 2nekTHII Radio (bremsstrahlung) flux
Hot gas electron density nX and

Hot Gas Heated by SNe/Winds PX = 2nXkTX X-ray temperature TX from
X-ray spectral modeling

a For the 30 Doradus analysis, I used the following datasets: Optical – HST PC (Malumuth & Heap 1994), CTIO 0.9-m

(Parker 1993), CTIO 2.2-m (Selman et al. 2005); Infrared – Spitzer SAGE Survey (Meixner et al. 2006); Radio – 3.5 cm ATCA

(Lazendic et al. 2003); X-ray – Chandra (Townsley et al. 2006).
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Environment Shapes Morphology
~70 / 300 supernova remnants show signs of interaction 
with molecular clouds (Jiang et al. 2010)

Signs of interaction: masers, CO or warm H2, gamma-rays
148 CLAUSSEN ET AL. Vol. 489

FIG. 2.ÈA 1442 MHz radio continuum image et al. of the W44 SNR with the location of the various regions of OH (1720 MHz) emission(Giacani 1997)
concentrations indicated. The beam size is 15A, and the gray scale at the top is in units of mJy beam~1. These regions are shown in more detail in Fig. 5.

the continuum emission from the three SNRs, which are
acting as background sources for the maser ampliÐcation
process, is 10È80 K. Based on the brightness temperatures
given above, this implies lower limits to the optical depths q
for the OH (1720 MHz) lines of [8 to [16.

There is a range of apparent angular sizes for the maser
features in Tables Our deconvolution process has mea-2È4.
sured spot sizes on the order of for a number of0A.5È0A.9
features, and still other features are distinctly larger than the
synthesized beam. Several maser spots are noncircular, with
aspect ratios larger than that of the synthesized beam. The
orientation of the major axis of these noncircular features
(Figs. shows no apparent pattern ; these features are4È6)
neither aligned with each other nor do they trace the contin-

uum contours. At the distance of these remnants, the
““ resolved ÏÏ maser spots (h [ 2A) correspond to linear sizes
of D1017 cm. Three possible origins exist for the spot sizes
that we see : (1) they may be intrinsic maser spot sizes, (2)
they may be broadened by multipath scattering in the
ionized medium along the line of sight, or (3) they are due to
multiple maser features within the synthesized beam. We
favor the third explanation, and we argue this point below.

The apparent maser spot sizes in Tables are well in2È4
excess of the expected intrinsic sizes. Observations of the
OH (1720 MHz) masers in the compact H II region W3(OH)
give sizes less than 1.2 mas et al. The(Masheder 1994).
theory for the inversion of the OH (1720 MHz) line predicts
q D [20 for the conditions we expect in these remnants
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242 L. A. Lopez

Figure 3. Left: Quadrupole power ratio P2/P0 vs. octupole power ratio P3/P0 for 7 X-ray line
images of Cassiopeia A (O viii, Mg xi, Si xiii, S xv, Ar xvii, Ca xix, and Fe xxv). The inset
image shows the distribution of O viii (green), Si xiii (red), and Fe xxv (blue). Plot and images
were produced using data in Lopez et al. 2011). Right: P2/P0 vs. P3/P0 for SNRs interacting
with molecular clouds (in cyan); non-interacting SNRs are from Fig. 1, with Type Ia SNRs in
red and CC SNRs in blue. Interacting SNRs are more elliptical than non-interacting SNRs.

coincidence with OH masers (which indicate the presence of shocked, molecular gas:
Wardle & Yusef-Zadeh 2002). The interacting SNRs are the most elliptical of the CC
SNRs, evidence that environment has a dramatic large-scale effect on SNR morphologies.

4. Conclusions

We have begun to address the “nature” vs. “nurture” conundrum in SNR science using
a systematic approach on available archival data. Many exciting questions and prospects
remain, including application of the techniques to other wavelength images, investigation
of SNRs in other galaxies, characterization of SNR morphological evolution with age, and
comparison to hydrodynamical model predictions.
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Figure 1. IR and X-ray images of the 20 SNRs in Table 1. Red images in upper rows are Spitzer 24 μm images; green images in lower rows are Chandra 0.3–2.1 keV
images from the Chandra SNR catalog (http://hea-www.cfa.harvard.edu/ChandraSNR/) except for the following: the IR image of Cygnus Loop is a Wide-Field
Infrared Survey Explorer 22 μm image; X-ray images of Cygnus Loop, IC 443, and Puppis A are ROSAT PSPC 0.1–2.4 keV images, and X-ray images of Kes 17 and
RCW 86 are XMM-Newton images. The color intensity scale is linear in both IR and X-ray images. The white boxes in some SNR images represent areas where the
correlation coefficient between IR and X-ray intensities in Section 2.3 are derived.
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around this position, the total num

ber of counts is 1141,

while 16017
events are used

to
estim

ate the background
with

an

average norm
alisation

factor
↵
=

0.047. This corresponds to
an

excess
of 392.3

events
detected

with
a

significance
of 13.0�.

The
di↵erential energy

spectrum
is derived

above
290

GeV
us-

ing
a

forward
folding

m
ethod

described
in

Piron
et al. (2001).

The
data

are
well described

(� 2
/ndf

=
60.6/61) by

a
power-

law
m

odel dN
/dE
=
�

0 (E
/1

TeV) �
�

with
a

flux
norm

alisa-

tion
�

0
= ⇣

3.15 ±
0.46

stat ±
0.63

sys ⌘
⇥

10 �13
cm �2

s �1
TeV �1

and
a

spectral
index

of
�
=

3.14
±

0.24
stat ±

0.10
sys

(see

Fig. 3). The
integrated

flux
above

1
TeV

is
F(E
>

1
TeV)

=

⇣
1.47 ±

0.38
stat ±

0.29
sys ⌘
⇥

10 �13
cm �2

s �1, corresponding
to

0.65%
of the

Crab
Nebula

flux
above

the
sam

e
energy

(Aha-

ronian
et al. 2006a). Two

other spectral shapes were
tested

(log

parabolic power-law
and

power-law
with

exponential cuto↵) but

they
do

not fit the data significantly
better.
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The
LAT

detects
�-ray

photons
by

conversion
into

electron-

positron
pairs

in
the

energy
range

between
20

M
eV

to
higher

than
300

GeV, as
described

by
Atwood

et al. (2009). It con-

tains a high-resolution
converter/tracker (for direction

m
easure-

m
ent of the

incident
�

rays), a
CsI(Tl) crystal calorim

eter (for

energy
m

easurem
ent), and

an
anti-coincidence detector to

iden-

tify
the

background
of charged

particles. The
following

analy-

sis
was

perform
ed

using
5

years
of Fermi-LAT

data
collected

prim
arily

in
survey

m
ode

(2008
August 04

–
2013

August 04).

This new
dataset consists of Pass 7

LAT
data that have been

re-

processed
using

updated
calibration

constants
for the

detector

system
s (Bregeon

et al. 2013). The prim
ary

di↵erences with
re-
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References: TeV: HESS Collaboration 2016; X-ray: Lopez et al. 2013; [Fe II] and 
H2: Keohane et al. 2007; 24um: Koo et al. 2016; 20 cm: Helfand et al. 2006
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Figure 2. Images (adapted from Peters et al. 2013) of the Spitzer 24 µm emission (red) and
Chandra soft X-ray (0.5–2.1 keV) emission of the 15 SNRs analyzed in Figure 1 (right). The
thermal X-rays trace the ejecta material heated by the reverse shock, while the IR originates
from circumstellar dust heated by interaction with the blast wave. Red numbers denote Type
Ia SNRs; blue numbers denote CC SNRs. SNRs are as follows: [1] 0509�67.5; [2] Kepler; [3]
0519–69.0; [4] N103B; [5] DEM L71; [6] Cas A; [7] W49B; [8] G15.9+0.2; [9] G11.2�0.3; [10]
Kes 73; [11] N132D; [12] G292.0+1.8; [13] 0506�68.0; [14] N49B; [15] B0453�685.

We further extended the technique to 24 µm Spitzer images of the same sample, and we
found that the warm dust emission of Type Ia and CC SNRs also has distinct symmetries
(Peters et al. 2013; see Fig. 1). Similar to the X-ray results, Type Ia SNRs have more
circular and mirror symmetric IR emission than CC SNRs. The two wavelength regimes
probe distinct emitting regions (see Figure 2): the thermal X-rays trace the ejecta mate-
rial heated by the reverse shock, while the IR originates from circumstellar dust heated
by interaction with the blast wave. Yet both are sensitive to the shape of the contact dis-
continuity, where the ejecta are impacting the shocked ISM. As the contact discontinuity
is shaped by the explosion geometry as well as the structure of the surrounding medium,
the distinct symmetries of Type Ia and CC SNRs in the X-ray and IR wavebands reflect
both the di↵erent explosion mechanisms and the environments of the two classes.

It is noteworthy that SNRs with bright neutron stars/pulsars (e.g., G11.2�0.3, Kes
73, B0453�685) are among the most circular of the CC SNRs. Based on our prelimi-
nary investigations, CC SNRs with neutron stars appear more spherical and symmetric
than CC SNRs without neutron stars. However, strict limits on the presence/absence of
neutron stars in SNRs are necessary before the trend can be established statistically.

Elements within individual SNRs have distinct symmetries. Our quantitative approach
also enables us to compare images of di↵erent emission features (like the morphologies of
the shock-heated metals) within individual remnants. For example, Figure 3 (left) plots
the symmetry diagram for seven X-ray emission line images of Cassiopeia A (O viii, Mg
xi, Si xiii, S xv, Ar xvii, Ca xix, and Fe xxv). The O has the most symmetric dis-
tribution, while the Fe is comparatively more asymmetric and elongated than the other
metals. By contrast, the intermediate-mass elements (Mg, Si, S, Ar, and Ca) appear to
have similar morphologies. Thus, despite relatively e�cient mixing of the ejecta (Lopez et
al. 2011), the distinct symmetries of the metals reflect imprints of the explosion geometry.

Environment Shapes Large-Scale SNR Morphology. To examine the role of environ-
ment in shaping SNRs, we have compared systematically the morphological properties of
SNRs in di↵erent ISM conditions. For example, we have measured the symmetry of SNRs
thought to be interacting with molecular clouds (see Figure 3, right), based on coinci-
dence with OH masers (which indicate the presence of shocked, molecular gas: Wardle
& Yusef-Zadeh 2002). The interacting SNRs are the most elliptical of the CC SNRs,
evidence that environment has a dramatic large-scale e↵ect on SNR morphologies.

X-rays 
IR

2 Laura A. Lopez

2. Method

The method we employed to characterize the symmetry of SNRs is a power-ratio
method (PRM). The PRM has been used extensively to quantify the morphologies of
galaxy clusters (Buote & Tsai 1995, 1996; Jeltema et al. 2005). We extended the technique
to compare the distribution of elements in individual SNRs (Lopez et al. 2009a) and to
examine the symmetry of X-ray and IR emission in Type Ia and CC SNRs (Lopez et al.
2009b; Lopez et al. 2011; Peters et al. 2013). We refer the reader to these papers for a
detailed derivation and description of the method; we provide a basic summary below.
The PRM measures asymmetries via calculation of the multipole moments of emission

in a circular aperture. It is derived similarly to the expansion of a two-dimensional
gravitational potential, except an image’s surface brightness replaces the mass surface
density. The powers Pm of the expansion are obtained by integrating the magnitude of
each term  m over the aperture radius R. We divide the powers Pm by P0 to normalize
with respect to flux, and we set the origin position in our apertures to the centroids of
our images so that the dipole power P1 approaches zero. In this case, the higher-order
terms reflect the asymmetries at successively smaller scales. The quadrupole power ratio
P2/P0 reflects the ellipticity or elongation of a source, and the octupole power ratio
P3/P0 quantifies the mirror asymmetry of a source.

3. Results

We applied the PRM to Chandra Advanced CCD Imaging Spectrometer (ACIS) and
Spitzer Multiband Imaging Photometer (MIPS) images of Milky Way, LMC, and SMC
SNRs, and we highlight the results and implications of these analyses below.
Type Ia and CC SNRs have distinct symmetries. Using the PRM on X-ray line images

of seventeen SNRs, we found that the emission from shock-heated metals in Type Ia SNRs
is more spherical and more mirror symmetric than in CC SNRs (Lopez et al. 2009b).
Furthermore, this result holds for the X-ray bremsstrahlung emission of Type Ia and CC
SNRs as well (see Figure 1; Lopez et al. 2011). The ability to distinguish between the two
SN classes based on bremsstrahlung emission morphology alone suggests the potential to
type SNRs with weak X-ray lines or with low spectral resolution X-ray observations.
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Figure 1. Results from application of the power-ratio method to 24 galactic and LMC SNRs:
quadrupole power ratio P2/P0 (which measures ellipticity/elongation) vs. octupole power ratio
P3/P0 (which quantifies mirror asymmetry) of the soft X-ray band (0.5–2.1 keV) images (left)
and of the Spitzer 24 µm images (right). Type Ia SNRs are plotted in red, and the CC SNRs
are in blue (classified by abundance ratios). One source, 0548�70.4, is in purple because of its
anomalous abundance ratios. The Type Ia SNRs separate naturally from the CC SNRs in this
diagram. Figures are adapted from Lopez et al. (2011) and Peters et al. (2013).
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Figure 2: Select portions of the Galactic plane, as imaged by the Murchison Widefield Array (MWA) at 151 MHz
(top) and the HI, OH, Recombination Line Survey (THOR) with the VLA (bottom). Both surveys detect many tens
of supernova remnants (SNRs), and the uniformity of the observational setups make these data ideal to explore the
morphological characteristics of SNRs in the radio and in HI. Images were adapted from the data of David Kapan (top)
and the THOR collaboration (bottom), of which PI Lopez is a member.

Suzaku, ROSAT, ASCA, and Einstein. We anticipate that we will be able to type SNRs using spectroscopy
as long as the SNRs are ejecta dominated or they have regions of metal enhancements, even if the SNR as a
whole is ISM dominated (as in, e.g. Borkowski et al. 2006, who were able to type middle-aged SNRs with
relatively low signal-to-noise ratios with XMM-Newton and Chandra spectra). The O/Fe ratios in fiducial
CC and Type Ia SN models are different enough (see Figure 3) that even relatively simple spectral modeling
can easily discriminate between the two explosion classes, as shown in the pioneering work of Hughes et al.
(1995). We will perform the first systematic study of the O/Fe ration in dozens of SNRs, which we will
compare to the results of our morphological typing method. The combination of the two approaches will
yield more reliable results than each technique alone. To aid in this work, our team will use end-to-end
hydrodynamical models for the X-ray emission of SNRs that include non-equilibrium ionization processes
and radiative losses (Badenes et al., 2006, 2008).

The morphological and spectral results of individual sources will also yield important physical insights.
For example, based on our X-ray studies thus far, we have found two sources which were anomalous com-
pared to other young SNRs: W49B in the Milky Way and SNR 0104-72.3 in the SMC. Both are extremely
elliptical (see the images in Figure 4) as would be expected following bipolar/jet-driven CC SNe (Gonzalez-
Casanova et al., 2013). Using deep Chandra observations, we showed that the mean abundance ratios are
consistent with the predicted yields of jet-driven core-collapse SNe (Lopez et al., 2013b, 2014). The iden-
tification of this kind of explosion in the SMC, where only ⇠25 SNRs are known, may be evidence that
jet-driven SNe occur more frequently in low-metallicity environments (since the SMC has Z ⇠ 0.2Z�). This
result is also consistent with recent work on long gamma-ray bursts, which are thought to arise from jet-
driven explosions in low metallicity environments (Modjaz et al., 2008). These two SNRs are the first local
analogues of GRBs to be identified.

We will verify our abundance and morphological results by considering the star formation history (SFH)
at the sites of our SNRs (as in, e.g., Badenes et al. 2009). For example, Figure 5 plots the SFH (the star
formation rate versus age) at the location of SNR 0104-72.3 in the SMC (from Lopez et al. 2014). To
produce this figure, we have employed the SFH maps of the SMC (Harris and Zaritsky, 2004) based on the
resolved stellar populations in the SMC. In this manner, we found that the peak star formation rate occurred
⇠20 Myr for Z = 0.008 or ⇠8 Myr ago for Z = 0.004. The former peak corresponds to a progenitor mass

4

MWA at 151 MHz

THOR VLA Survey

Galactic SNRs are mostly found in the radio



Other Wavebands: Radio
Morphology of synchrotron emission in radio yields 
information about the ambient density, B-field, and  
cosmic-ray acceleration

A&A 587, A148 (2016)
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Fig. 7. Comparison of SNR models for three example SNRs: G296.5+10.0 (high-latitude), G016.2-2.7 (mid-latitude), and G046.8-0.3 (in the
plane). All models from 0.5 to 10 kpc are shown (as described in Fig. D.1) for both GMF models: the Sun et al. (2008) (Sun08) and JF12. The
orange box highlights the best fit in each case. Below the model strips we show the data (left) as well as the corresponding best fit model for JF12
(center) and Sun08 (right) . The model polarization magnetic field vectors are overlaid in green.

7.3. Magnetic fields of the SNRs

The model observations give us simulated Stokes Q and U polar-
ization parameters. These are used to produce polarized intensity
(PI =

p
Q2 + U2) and polarization angle (PA = 1

2 tan�1 U
Q ) val-

ues that are used to make plots of the simulated magnetic field
as in Fig. 7 (where the PA gives the orientation of the electric
field).

Of the 33 SNRs in our very well defined sample, 13 have
a magnetic field that has been observed through polarization

studies. Of these, 9 have been observed to have a tangential
magnetic field: G016.2–02.7, G065.1+00.6, G093.3+06.9,
G119.5+10.2, G127.1+00.5, G156.2+05.7, G166.0+04.3,
G182.4+04.3, and G296.5+10.0. In every one of these cases,
simulated magnetic field plots for the models also show a
tangential magnetic field. Two such cases, G016.2–2.7 and
G296.5+10.0, are shown in Fig. 7.

Roger et al. (1988) suggest that a vertically oriented field
may be responsible for the appearance of SNRs G296.5+10.0
and G327.6+14.6 (SN1006) and our study supports this

A148, page 12 of 20

J. L. West et al.: Connection between SNRs and the Galactic magnetic field

Quasi-perpendicular

Quasi-parallel

Isotropic

Magnetic field lines (black) 
and cosmic ray electron 
distribution (green)

Simulated radio 
synchrotron emission

Fig. 2. Geometry of CRE distributions for quasi-perpendicular shocks (top), quasi-parallel shocks (middle), and the isotropic case (bottom) and the
corresponding simulated synchrotron emission, which has been normalized for display purposes. This cartoon is intended to qualitatively show the
distribution of the CREs with respect to the magnetic field geometry. It is not intended to be representative of the precise quantitative distributions.

is more likely not to be significantly altered through interac-
tion with local enhancements in surrounding gas, turbulence in
the GMF, nor influenced by a pulsar or a pulsar-wind nebula
(PWN). In order to examine the appearance of the SNRs, we
have searched the literature and data archives to collect the best-
available radio images of all SNRs, excluding the pure shell-
less PWNe; i.e., those that are classified as any type other than
the filled-center type as defined by Ferrand & Safi-Harb (2012)2

and Green (2014). This is a total of 293 objects. We compile
all radio images in a companion website, Supernova remnant
Models and Images at Radio Frequencies (SMIRF)3. In Table 2

2 SNRcat: http://www.physics.umanitoba.ca/snr/SNRcat/
3 SMIRF: http://www.physics.umanitoba.ca/snr/smirf/

we summarize the numbers of SNRs of each type. This table rep-
resents the up-to-date numbers at the time of this writing; how-
ever the website is dynamic and classifications and exact counts
of SNRs of various types are subject to change.

Thermal composite-type (also called mixed-morphology),
plerionic composite-type, and unknown-type SNRs are consid-
ered, but with caution since these objects may involve more com-
plex physics due to the presence of a central compact object
and/or local enhancements of the ISM.

The thermal composite-type SNRs exhibit thermal X-ray
emission in the SNR interior, but lack the shell seen at ra-
dio wavelengths. While the mechanisms responsible for their
X-ray emission are still not fully understood, these remnants

A148, page 5 of 20
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See also Orlando et al. 2007, Schneiter et al. 2015,  
West et al. 2017
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Simulations show that degree of asymmetry changes with 
time in a turbulent/inhomogeneous medium (e.g., Kim & 
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Zhang & Chevalier 2019)
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Does radio morphology change with age?

Simulations show that degree of asymmetry changes with 
time in a turbulent/inhomogeneous medium (e.g., Kim & 
Ostriker 2015, Martizzi et al. 2015, Walch & Naab 2015, 
Zhang & Chevalier 2019)
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Figure 1. Radio continuum (1.4 GHz) images of our sample taken from the HI, OH, Recombination Line (THOR) Survey
with the Very Large Array radio observatory in New Mexico (Beuther et al. 2016). The SNRs range in radius of 1.5–200 (Green
2017). The extents of the sources are marked with white circles, and the white scale bar represents 20. The numbers correspond
to those in Column 1 of Table 1.

2016)2. We opted to analyze the 1.4 GHz radio data,
since 95% of SNRs are detected/identified at this fre-
quency (Chomiuk & Wilcots 2009; Dubner & Giacani
2015). The spatial resolution of the THOR data is 2000.
In the area of the THOR survey, 34 SNRs have been

identified (Green 2017), and all were fully imaged. How-
ever, we excluded 12 SNRs due to substantial artifacts
in the data (e.g., G15.4+0.1, G31.5�0.6) or because
their radio emission is dominated by a pulsar wind neb-
ula rather than the synchrotron from their shells (e.g.,
G21.5�0.9, Kes 75). Our final sample is listed in Ta-
ble 1, and the THOR images of the SNRs are presented
in Figure 1. The SNRs in the sample have a range of
radii from 1.5–200 (Green 2017).
19 out of the 22 SNRs are likely from core-collapse ex-

plosions, based on the presence of neutron stars, metal
abundances, and/or their dense, star-forming environ-
ments (see Table 1). The other three have insu�-
cient data to characterize explosion type (G21.5�0.1,

2
Only the first half of the survey data is publicly available

currently, which covers longitudes from 14.5 to 37.9 degrees and

47.1 to 51.2 degrees.

G33.2�0.6, and G36.6�0.7), but given their location
within the Galactic plane, they may also be from core-
collapse supernovae (SNe). Thus, none of the 22 SNRs
likely arose from Type Ia supernova explosions, a re-
sult that is not surprising since many Type Ia SNRs are
found at high galactic latitudes (e.g., Kepler, SN 1006).
We note that three of our SNRs (Kes 69, G28.6�0.1,
and G36.6�0.7) were in the bilateral sample analyzed
by West et al. (2016).
We also analyzed a larger sample of 60 SNRs, us-

ing 1.4 GHz data from the Multi-Array Galactic Plane
Imaging Survey (MAGPIS) (Helfand et al. 2006). How-
ever, we found that the noise in these data led to large
uncertainties in the derived power ratios. Thus, we only
consider the THOR 1.4 GHz data in this paper.

3. METHODS

We measure the symmetry of our sample using a
multipole expansion technique called the power-ratio
method (PRM). This technique was developed to quan-
tify the morphologies of galaxy clusters (Buote & Tsai
1995, 1996; Jeltema et al. 2005). Subsequently, it was
extended to measure the asymmetries of SNRs in X-ray
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Does radio morphology change with age?

Simulations show that degree of asymmetry changes with 
time in a turbulent/inhomogeneous medium (e.g., Kim & 
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Figure 2. Dipole power ratio P1/P0 (left), quadrupole power ratio P2/P0 (middle), and octupole power ratio P3/P0 (right)
versus radius. P1/P0 measures bulk asymmetry, P2/P0 quantifies ellipticity/elongation, and P3/P0 reflects mirror asymmetries.
As shown in the legend, red and blue colors represent whether SNRs have no evidence or some evidence of interaction with
molecular clouds, respectively. Symbol shapes denote whether each source has distance uncertainties (circles), no distance
uncertainties (triangles), or an assumed distance of 8.5 kpc (stars).

1998) to m = 0.25 in the momentum-conserving stage
(Cio� et al. 1988).
To explore how the power ratios depend on age, we

compiled the age estimates of our sample found in the
literature (listed in Table 3). SNR ages are typically
derived by assuming that SNRs are in the ST phase of
their evolution, the stage that most radio-bright SNRs
are thought to be observed (Berkhuijsen 1986; Berezhko
& Völk 2004). In this case, ages are determined based
on the observed shock velocity by the expression t =
2Rs/5vs. Alternatively, given an estimate of the mass
density of the ISM ⇢o and the explosion energy E, SNR
ages can be derived using the ST solution (Sedov 1959):

Rs = 1.15

✓
E

⇢o

◆1/5

t2/5 = 5.0 E1/5
51

n�1/5
o

t2/5
kyr

pc. (1)

On the right-hand side of the equation, E51 is the ex-
plosion energy in units of 1051 erg and tkyr is the SNR
age in kyr.
In Table 3, we list ages for each SNR in our sam-

ple. When available (e.g., for G15.9+0.2, G32.8�0.1,
G33.6+0.1), these values are the dynamical ages derived
from the shock radius Rs and velocity vs, using the re-
lation t = 2Rs/5vs. For those SNRs without constraints
on vs, we scale the ages estimated from the ST solution
in the references (see Table 3) to the distances in Table 1
and radii in Table 3. For those SNRs without any age
estimates in the literature, we adopt the ISM densities
no in Table 3 and assume explosion energies of E51 = 1
to estimate tkyr.
To evaluate the validity of the assumption that

all of the SNRs are in the ST phase, we calculated

the mass swept-up MSW by their forward shocks:
MSW = 4

3
⇡R3

s
⇥ 1.4mHno, where mH is the mass of

hydrogen. The resulting MSW for each SNR is listed
in Table 3, along with the adopted shock radii Rs

and ISM densities no to derive MSW. For two SNRs
(G27.4+0.0 and G33.6+0.1), MSW < 10M�, and thus
their forward shocks may have swept up less than their
ejecta masses Mej. This result would indicate that
they may not have reached the ST phase yet, so their
age estimates tkyr in Table 3 are upper limits. Five
SNRs (G18.8+0.3, G23.3�0.3, G33.2�0.6, G34.7�0.4,
G36.6�0.7) have MSW > 103M� and thus may have
transitioned past the ST phase, which occurs at a time
ttr = 2.9 ⇥ 104E4/17

51
n�9/17
o years when the shock has

swept up MSW ⇡ 103E15/17
51

n�14/17
o M� (Blondin et al.

1998). In these cases, the age estimates tage should be
interpreted as lower-limits.
In Figure 3, we plot P2/P0 (left panel) and P3/P0

(right panel) versus age tkyr of our sample. We find a
weak trend that younger SNRs (.3 kyr old) have lower
P2/P0 and P3/P0 than the older SNRs (&3 kyr old),
consistent with the results shown in Figure 2. These
findings suggest that SNRs’ forward shocks are initially
more symmetric, and their expansion into an inhomo-
geneous medium increases the asymmetries with time.
The large dispersion in the power-ratio values in the
small/young SNRs indicates that the objects may begin
with di↵erent degrees of asymmetry as well, possibly re-
flecting their explosion geometries or the inhomogeneous
environments immediately surrounding the SN.
One probable reason that the plots in Figure 3 show

less correlation compared to the power ratios versus ra-
dius in Figure 2 may be due to the large uncertainty in
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Figure 4. Volume rendering of the entropy distribution in the full 3D unconstrained high-resolution simulation s27FH at 283ms after core bounce. The cyan
surface corresponds to the shock front and is at a specific entropy of 10kB baryon-1. The yellow regions are at specific entropies of ⇠ 16kB baryon-1 and the red
regions are at ⇠ 20kB baryon-1. They correspond to strongly neutrino-heated bubbles of hot gas that expand, pushing the shock outward locally and globally.
This results in a complicated shock morphology that is asymmetric on large scale and on small scale. This figure was produced using yt (Turk et al. 2011).

All four models exhibit very similar average neutrino en-
ergies, the expected hierarchy of neutrino energies, h✏⌫ei <
h✏⌫̄ei < h✏⌫µ/⌧

i, and spectral hardening as a function of time.
The large average energies of the ⌫µ/⌧ , relative to the aver-
age energies predicted by other groups (e.g. Müller & Janka
2014), are due to our neglect of inelastic neutrino scattering.
This is unlikely to have a large effect on heating in the gain re-
gion, since µ and ⌧ neutrinos do not effectively deposit their
energy there. It has been shown that inelastic scattering of
heavy flavored neutrinos near the electron neutrino sphere can
modestly increase the average energies of electron flavored

neutrinos (Müller et al. 2012b), but the absence of inelastic
scattering is unlikely to make a qualitative difference to the
outcome of our simulations. Tamborra et al. (2014) have also
investigated 3D models of CCSNe using the s27 progenitor.
Our ⌫e and ⌫̄e luminosities and average energies are within
10% of those found by Tamborra et al. (2014), but our simu-
lations show a different hierarchy of luminosities than theirs,
with L⌫e < L⌫̄e . Our ⌫µ/⌧ luminosities are also about 25%
lower than those reported in Tamborra et al. (2014).

Additionally, Tamborra et al. (2014) found that the lepton
flux is asymmetric about the center of mass with a strong

Roberts et al. (2016)

Figure 2

Successful 3D explosion models of the Garching group obtained in self-consistent neutrino-hydrodynamics simulations with
the Prometheus-Vertex code. The panels show isoentropy surfaces of neutrino-heated, buoyant matter for a 9.6M� star
(top left; 97), a 20M� progenitor (top right; 98), and a rotating 15M� model (bottom left; 122). The supernova shock is
visible as a blue, enveloping surface. The average shock radii as functions of time are displayed in the lower right panel.

connected to the numerical grid and by technical features in the (simplified) modeling

setups. Future, well-resolved and fully self-consistent 3D simulations for larger sets of pro-

genitors and realistic pre-collapse perturbations in codes with low intrinsic noise level are

needed to confirm our expectation that the cores of collapsing stars can evolve through

SASI-dominated episodes at least transiently.

14 Janka, Melson, & Summa

Janka et al. (2016)

3D core-collapse supernova simulation 5
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Figure 4. Specific entropy (kB baryon�1) at 200, 300, and 400 ms with 400-km scale bars in each panel. Column a (left): Volume rendering for C15-3D
using a fixed transfer function, highlighting rising plumes. Column b (center): Polar slice through C15-3D, aligned with Column a. In upper two panels (200 and
300 ms), the 180� �-shift between upper and lower halves is exaggerated by the 8.5� zone at the pole. 400-ms panel shows effect of transition to �-averaging at
pole. Column c (right): Entropy in a polar slice through C15-2D with color scale matching Column b at each epoch.

Lentz et al. (2016)

O’Connor & SMC, in prep.O’Connor & Couch 2018

Simulations are yielding predictions about ejecta 
distributions, large-scale compositional asymmetries, 
neutron star kicks that can be compared to observations. 



A. Wongwathanarat et al.: 3D CCSN simulations

Fig. 7. Snapshots displaying isosurfaces where the mass fraction of 56Ni plus n-rich tracer X equals 3% for model W15-2-cw (top row), L15-1-cw
(second row), N20-4-cw (third row), and B15-1-pw (bottom row). The isosurfaces, which roughly coincide with the outermost edge of the neutrino-
heated ejecta, are shown at four different epochs starting from shortly before the SN shock crosses the C+O/He composition interface in the
progenitor star until the shock breakout time. The colors give the radial velocity (in units of km s−1) on the isosurface, with the color coding
defined at the bottom of each panel. In the top left corner of each panel we give the post-bounce time of the snapshot and in the bottom left corner
a yardstick indicating the length scale. The negative y-axis is pointing toward the reader. One notices distinct differences in the final morphology
of the nickel-rich ejecta of all models, which arise from their specific progenitor structures.
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Figure 2. Continuum-subtracted element maps of Cas A. The green star is the explosion site (Thorstensen et al. 2001), the
white ‘X’ is the full-band (0.5–8.0 keV) center-of-emission, and the blue circle is the center-of-emission for the element displayed.
The white scale bar at the bottom-left of each image is 20 in length. See Grefenstette et al. (2017) for the narrow-band Ti image
we used.

Ar, Ca, Fe), with pixel values equal to the smoothed
percentage of emission from the given element (Felem).
We then multiplied the narrow-band images by these
fits files to get the continuum-subtracted images shown
in Figure 2.

2.5. Titanium Data

In addition to the Chandra images, we also analyzed
the 4.6 Ms NuSTAR 44Ti (65–70 keV) image of Cas A,
as presented in Grefenstette et al. (2014, 2017). We did
not perform spatially-resolved continuum subtraction on
this narrow-band image; as noted in Section 2, we esti-
mate that 80–100% of the flux in this band is from the
radioactive decay line based on fits to the non-thermal
continuum presented in Grefenstette et al. (2015).

3. METHODS

We use the power-ratio method (PRM), a multipole
expansion technique, to analyze the distribution of ele-
ments in Cas A. This method was employed previously
to characterize the X-ray morphology of galaxy clusters
(Buote & Tsai 1995, 1996; Jeltema et al. 2005) and was
adapted by Lopez et al. (2009a) for use on SNRs (e.g.,
Lopez et al. 2009b, 2011; Peters et al. 2013; Holland-
Ashford et al. 2017; Sta↵ord et al. 2018). Using the
PRM, we calculate the powers Pm of the expansion,
which are derived by integrating the magnitude of the
m-th term over a circle of radius R. Then we divide the
powers Pm by the zeroeth order term P0 to normalize
with respect to flux. For a more detailed/mathematical
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Figure 3. The quadrupole power-ratios P2/P0 versus the octupole power-ratios P3/P0 using the continuum-subtracted images
(left) and the narrow-band images (right). The elements are color-coded by the main burning process that creates them. The
44Ti data points on both panels are from analysis on the narrow-band Ti image. The “Reverse Shock-Heated” Ti data point
represents the analysis of the image where all Ti flux interior the reverse shock has been set to zero, to better compare the
radioactive Ti emission with the emission from the other reverse shock-heated elements (see Section 4).

in an outer convective shell. During the explosion, the
innermost section of the oxygen-magnesium-neon shell
experiences explosive burning that produces the higher-
mass elements (Woosley et al. 2002; Curtis et al. 2019).
The remaining O and Mg–located far away from the

explosion center–should exhibit the most symmetric,
post-explosion distributions compared to the heavier el-
ements. We find that the O in Cas A has significantly
lower levels of asymmetry than heavier elements (such
as Si, Ar, and Fe). By comparison, Mg has an asym-
metry level distinct from O and is closer to those of
intermediate-mass elements formed largely through ex-
plosive burning (e.g., Si). We find that Fe exhibits the
highest levels of ellipticity and mirror asymmetry. Our
results are broadly consistent with the relative element
asymmetries from 3D SN simulations (Wongwathanarat
et al. 2013; Janka 2017; Müller et al. 2018), where O
is the most symmetrically distributed, Mg is marginally
a↵ected by asymmetries, and heavier elements (partic-
ularly Fe) are the most asymmetric.
Titanium, an element also formed primarily through

explosive silicon burning (Woosley et al. 2002; Curtis
et al. 2019), is predicted to have similar levels of asym-
metry as Fe in neutrino-driven explosions (Wongwatha-
narat et al. 2017). To test this hypothesis, we measured
the power-ratios of the 44Ti in the narrow-band NuS-

TAR image and plot the results in Figure 3. While the
mirror asymmetry of the Ti is comparable to that of
Fe, the ellipticity of the Ti is extremely low. The Ti
emission is from radioactive decay, whereas the other
elements’ line emission is from collisional de-excitation
following heating by the reverse shock. As the reverse

shock has not fully propagated to the interior of Cas A
(Gotthelf et al. 2001; DeLaney et al. 2010), the ejecta in
the SNR center is not hot enough to produce X-ray emis-
sion, and thus the elements’ symmetry measured from
the soft X-ray lines may not reflect the true distribution
of those metals.
To better compare the Ti distribution to that of the

reverse shock-heated metals, we re-ran the symmetry
analysis on a Ti image where the detected emission in-
terior to the revere shock was set to zero. We find that
the resulting elliptical asymmetry of Ti increases by a
factor of two, whereas the mirror asymmetry decreases
by ⇠30%, suggesting that the Ti distribution is more
consistent with the other elements. We note that ⇡40%
of the detected Ti in Cas A is interior to the reverse
shock (Grefenstette et al. 2017), so we caution that this
approach ignores a large fraction of the Ti.
The four elements clumped near the center of the

power-ratio plot–Si, S, Ar, Ca–are all formed by a mix
of hydrostatic and explosive oxygen burning (Woosley
et al. 2002; Curtis et al. 2019). The combination of these
two processes, which should result in low and high lev-
els of asymmetry respectively, is likely why the elements
have intermediate values of the power-ratios in Figure 3.
These metals likely have similar degrees of asymmetry
as each other because they are formed through the same
burning processes.

4.2. Comparison of NS Kicks to Ejecta Distributions

We also investigate how the element asymmetries com-
pare to the NS kick direction (see Figure 4). Based on
the angle between the centers-of-emission for each el-

Burning processes from Woosley, Heger, Weaver 2002; Curtis et al. 2019

Comparing Elemental Spatial Distributions



A. Wongwathanarat et al.: Neutron star kicks and spins and supernova nucleosynthesis

Fig. 15. Volumetric three-dimensional visualization of the nickel distribution for models W15-1, W15-2, L15-1, and L15-2 at the postbounce
time given in the top left corner of each panel along with the model name. The semi-transparent isosurfaces correspond to a chosen value of the
nickel mass per grid cell of 3 × 1026 g and are displayed at a stage well after all nucleosynthesis processes have seized in our simulations. The
orange vectors represent the NS kick directions and are scaled by the corresponding NS velocities (96 km s−1 for the shortest arrow and 575 km s−1

for the longest one). The high-kick models W15-1 and W15-2 in the upper two panels exhibit a clear asymmetry with much more nickel being
ejected in the hemisphere opposite to the kick direction. In contrast, the moderate-kick models L15-1 and L15-2 in the lower two panels exhibit a
more isotropic distribution of the nickel, in particular no obvious hemispheric asymmetry between kick and anti-kick directions. While the radial
distribution of the nickel may be strongly affected and changed by subsequent mixing instabilities that develop after the outgoing shock has passed
the composition-shell interfaces of the progenitor star, the hemispheric differences in the nickel ejection will not be destroyed during the later
supernova explosion.

effect is simple: anisotropies of the neutrino emission exhibit
short-timescale intermittency and are characterized by a higher-
order multipole structure in angular space. As a consequence,
the neutrino-induced momentum transfer is diminished by sta-
tistical averaging and is therefore unable to cause any significant
net kick in a certain direction. Moreover, only a small fraction
of the total neutrino energy loss is radiated anisotropically dur-
ing the simulation time. Instead, the far majority of the escaping
neutrinos contribute to the isotropic background flow that dif-
fuses out of the essentially spherical, hot accretion layer around
the nascent NS.

NS acceleration by the gravitational tug-boat mecha-
nism was first discussed on the basis of axisymmetric (2D)

simulations by Scheck et al. (2004, 2006) and was confirmed
in 3D with a small set of explosion models by Wongwathanarat
et al. (2010b). Moreover, support for this mechanism was re-
cently also provided by the 2D simulations of Nordhaus et al.
(2010, 2012), in which the NS was allowed to move self-
consistently out of the grid center.

While the artificial constraint to axisymmetry enforces a
collimation of large-scale flows parallel to the polar grid axis
and thus tends to favor a pronounced, dipolar deformation of
the explosion, the 3D asphericities appear less extreme and
seemingly less promising for high NS kicks. Nevertheless, the
inhomogeneities and anisotropies in the massive postshock shell
are sizable also in 3D. In fact, low spherical harmonics modes
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If NS kick arises from asymmetric mass ejection (Scheck et al. 2006, 
Wongwathanarat et al. 2013, Janka 2017), NS goes opposite to heavy 

ejecta. If NS arises from anisotropic neutrino emission (Fryer & Kusenko 
2006), NS goes in the same direction as heavy ejecta.

Neutron Star Kicks



8 Holland-Ashford et al.

Fig. 4.— Images of the six SNRs for which we have robust measures of their explosion sites. From left to right, top to bottom: CTB 109,
Cas A, Puppis A, G292.0+1.8, PKS 1209�51, RCW 103. The green arrow points from the explosion site to the direction of the dipole
moment. The white arrow points in the direction of NS motion.

Fig. 5.— The angle di↵erence between the dipole angle and the direction of NS motion from the SNR explosion site. The explosion sites
for Cas A and G292.0+1.8 are calculated using back-evolved filament motion, which as then taken as the NS birth site. The explosion
sites for the rest are determined by back evolving the NS’s proper motion. Circles indicate there is no evidence of SNR interaction with a
molecular cloud and squares indicate clear evidence of interaction.

of the NS using near-infrared imaging. This SNR has
bright emission in the northeast from interaction with
dense ISM (Sasaki et al. 2013). The dipole power-ratio
points toward this region, so the 180-degree angle dif-
ference may be influenced by the bright emission there.
However, spectral models demonstrate that the plasma
in this region has super-solar abundances, suggesting an
ejecta origin for this emission. In addition, aside from
this feature, we note that the SNR is still brightest in the
direction of the dipole angle (to the northeast). There-
fore, we conclude that the power-ratio angle likely reflects
the distribution of ejecta in CTB 109.

The NS in RCW 103 is moving in the same direction
as the dipole power-ratio, contrary to the results from
the other SNRs. The most likely reason for this result
is that RCW 103 is interacting with a molecular cloud
towards the southeast (Frank et al. 2015). This interac-
tion enhances the X-ray emission in that region, which
happens to be in the same direction as the NS’s motion.
Thus, the zero-degree angle di↵erence may not reflect
the relationship between the ejecta distribution and NS
motion.
In addition, we note that the NS in RCW 103 has

an unusual 6.67-hour periodicity (De Luca et al. 2006)

Neutron Star direction; Ejecta Direction

Neutron stars are ‘kicked’ by the SN explosion opposite 
to the ejected material. See also Katsuda et al. 2018

Holland-Ashford, Lopez et al. 2017

Neutron Stars Kicked Opposite 
to Ejecta



Type Ia Progenitor Systems: the Debate

1. Existing populations of potential progenitors
2. Pre-explosion data of SN Ia sites find no companions
3. Observed properties of SNe Ia events themselves
4. Signs of circumstellar medium interaction
5. SNe Ia time delay distribution

Maoz, Mannucci & Nelemans 2014

Ways to distinguish single vs. double degenerate 
scenarios:



Type Ia Progenitor Systems: the Debate

SNRs can offer insights in a variety of ways: 

1. Search for surviving companions (e.g., Schaefer & Pagnotta 
2012, Kerzendorf et al. 2019) - haven’t found any

2. Nucleosynthesis - compare heavy element abundances to 
yields in different progenitor systems/ignition processes 
(e.g., Lopez et al. 2015; Yamaguchi et al. 2015)

3. Signs of circumstellar interactions (see reviews by 
Patnaude & Badenes 2017 and Vink 2017)

4. Hypervelocity white dwarfs originating from SNRs



star’s past velocity vector would place it in the rem-
nant 90,000 years ago. G70 was reported by Fesen et
al. (2015) to be between several 104 and 105 years
old, matching perfectly with D6-2’s backtracked posi-
tion at the time of the explosion. The velocity vector
does not point exactly back to the remnant’s center,
but as S18 point out, this is not necessarily problem-
atic. Old remnants are shaped much more by their
interaction with the interstellar medium than their
explosion dynamics, and at the age and size of G70,
significant inhomogeneities in the ISM are common.
Additionally, Williams et al. (2015) showed that even
in young remnants like Tycho’s SNR, the geometric
center of a remnant is not necessarily the site of the
explosion.

The remnant, seen in Figures 1 and 2, shows a
shell-like morphology in H↵, not uncommon for older
remnants. What is somewhat unusual, however, is
that there is strong X-ray emission coming from the
interior of the remnant. X-ray emission from the
shell, where the forward shock is still slowly plowing
into the ISM for tens of thousands of years is com-
monly seen in old remnants (e.g., the Cygnus Loop),
but the detection of X-ray emission from the inte-
rior teases the possibility of emission from the hot
ejecta, which may still contain the elemental finger-
prints of the explosion. This forms the basis of our
proposal: we will obtain the X-ray spectra of
the interior emission in G70 to search for signs
of ejecta emission to determine if this remnant
was caused by a Type Ia supernova.

Typing SNRs based on their ejecta emission is cer-
tainly nothing new, and often times information can
be inferred about the progenitor system based on the
X-ray emission from the remnant. For example, Ya-
maguchi et al. (2015) used enhanced abundances
of Ni and Mn to determine that 3C397 is not only
the result of a Type Ia SN, but also resulted from
a Chandrasekhar-mass progenitor. Williams et al.
(2015) used XMM-Newton observations of G284.3-
1.8 to detect Mg-rich ejecta, implying a high-mass
progenitor of > 25 M�. Whether we can detect sig-
nificant enough ejecta emission in G70 is unknown,
so we consider here two di↵erent scenarios of what
we might see.

In our most optimistic case, the X-ray emission we
see in the ROSAT spectrum in Figure 1 (best fit by
a thermal model with absorption ⇠ 6 ⇥ 1020 cm�2

and temperature ⇠ 1/4 keV) would be dominated
by ejecta emission, either from a Type Ia or a core-
collapse SN. Such a case is shown in Figure 3, where

Figure 2: Orbital solution of D6-2 overlaid on H↵ images
from the Virginia Tech Spectral Line Survey (VTSS; Dennison
et al. 1998). The blue and red trajectories extend 9 ⇥ 104

yr into D6-2’s past and future, respectively. The green circle
encompasses the remnant of G70.0�21.5.

show example representative spectra from both of
these models, along with a solar-abundance shocked
ISM model for comparison (all of these models are
consistent, within uncertainties, with the ROSAT

spectrum). Clearly, in this case, XMM’s collecting
area and spectral resolving power would allow us to
easily distinguish between these various scenarios.

In another, perhaps more realistic scenario, any
ejecta emission would be fainter, and blended in with
emission from the shocked ISM resulting from slow
shocks propagating into the roughly solar abundance
material. For this simulation, shown in Figure 4, we
assume that the shocked ISM component has an emis-
sion measure that is three times that of the shocked
ejecta component (assumed to be from a Type Ia
SN). As we show in the technical justification sec-
tion, below, our proposed observations would allow
us to determine the abundances of Si and Fe to an
uncertainty of 10%, more than su�cient to determine
the progenitor type.

Of course, we have no way of knowing, a priori,
whether or not we will detect any ejecta emission at
all. While we believe that the possibility of defini-
tively typing a remnant associated with a runaway
white dwarf, and by extension a specific explosion
model, justifies our observing request, we also point
out that other scientific goals can be achieved even
if we do not detect any ejecta. If G70 is in fact a
mixed-morphology remnant, then characterization of
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Shen+18 searched for hypervelocity WDs in Gaia DR2 
and found three. 

One traces back to the position of a known SNR, 
G70.0-21.5 and originated from there ~90,000 years ago.
G70.0-21.5: The Potential Remnant of a

D6 Type Ia Supernova

PI: B.J. Williams

1. Abstract

In the “D6” model for Type Ia SNe, two white dwarfs
begin to merge, causing a mass transfer which trig-
gers a detonation in one of the white dwarfs. In this
scenario, it is possible that the other white dwarf
might survive the explosion and escape intact at a
high velocity. In a recent analysis of the GAIA DR2
data, we identified three hypervelocity white dwarfs
that fit this description. The proper motion of one of
them points back to an old Galactic SNR, G70.0-21.5,
a remnant whose age (⇠ 105 yr) matches with the
distance traveled by the white dwarf. Little is known
about this remnant, but emission is seen from the in-
terior in archival ROSAT data, so we propose here
to perform moderately deep XMM observations to
search for any emission that may be associated with
the ejecta. If this remnant can be confirmed as result-
ing from a Type Ia SN, it would greatly strengthen
the viability of the D6 model.

2. Description of the proposed programme
A) Scientific Rationale:

Type Ia supernovae (SNe Ia) are the thermonuclear
explosions of white dwarfs (WDs) in binary stellar
systems. However, despite their fundamental impor-
tance as cosmological distance indicators, the identity
of the progenitors of SNe Ia has remained a mystery.
Many theoretical models have arisen over the past
few decades to explain how these stars explode, but
until now there has been no direct confirmation that
any of these scenarios actually succeed in nature.
One progenitor model, dubbed the “dynamically

driven double-degenerate double-detonation” (D6)
scenario, has begun to gain traction due to recent
work demonstrating that it can avoid obstacles that
present major problems for other scenarios (e.g.,
Guillochon et al. 2010, Pakmor et al. 2013, Shen
et al. 2014). In the D6 model, the donor is another
WD that begins to merge with the primary WD. The
violence of the mass transfer triggers a helium shell
detonation on the primary WD, which then under-
goes a carbon core detonation and subsequent SN
Ia. One exciting outcome of the D6 scenario is the
possibility that the WD companion might survive the
explosion of the primary. Such a surviving star would
be flung away from the system when the gravitational

pull of its companion disappears and would continue
flying away at speeds between 1000 and 2500 km s�1.
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Figure 1: Top: Broadband (0.5-2 keV) ROSAT image of
G70.0-21.5, with XMM field of view overlaid. The overlaid
circle is roughly 8� in diameter. Bottom: ROSAT spectrum of
G70.0-21.5, extracted from XMM field of view region.

Shen et al. (2018, hereafter S18) searched for such
hypervelocity survivors in Gaia’s second data release
and discovered three likely candidates. These stars
were followed up with ground-based telescopes and
found to possess many of the predicted features for
survivors of D6 SNe Ia: a lack of hydrogen and strong
signatures of carbon, oxygen, intermediate mass ele-
ments, and iron group elements, as well as luminosi-
ties and temperatures unlike almost all other stars.
One of the most interesting results of S18 is that

one of the hypervelocity white dwarfs, “D6-2,” has a
movement vector that points directly back to a su-
pernova remnant (SNR). This remnant, G70.0-21.5
(hereafter, G70), was only recently identified by Fe-
sen et al. (2015). At D6-2’s measured velocity, the

1

Hα X-rays

Type Ia Progenitor Systems:
High-Velocity White Dwarfs
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SNRs can offer insights in a variety of ways: 

1. Search for surviving companions (e.g., Schaefer & Pagnotta 
2012, Kerzendorf et al. 2019) - haven’t found any

2. Nucleosynthesis - compare heavy element abundances to 
yields in different progenitor systems/ignition processes 
(e.g., Lopez et al. 2015; Yamaguchi et al. 2015)

3. Signs of circumstellar interactions (see reviews by 
Patnaude & Badenes 2017 and Vink 2017)

4. Hypervelocity white dwarfs originating from SNRs



Type Ia Progenitor Systems: the Debate

SNRs can offer insights in a variety of ways: 

1. Search for surviving companions (e.g., Schaefer & Pagnotta 
2012, Kerzendorf et al. 2019) - haven’t found any

2. Nucleosynthesis - compare heavy element abundances to 
yields in different progenitor systems/ignition processes 
(e.g., Lopez et al. 2015; Yamaguchi et al. 2015)

3. Signs of circumstellar interactions (see reviews by 
Patnaude & Badenes 2017 and Vink 2017)

4. Hypervelocity white dwarfs originating from SNRs
5. Morphologies - single vs. double will produce different 

shapes
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Figure 1. Density snapshots summarizing the evolution of the collision of model A in Table 1. The first snapshot (top left) corresponds to t = 67 s: the SN ejecta has
compressed the frontal part of the envelope of the companion. At t = 190 s (second snapshot, top right) the SN ejecta has already wrapped around the companion.
The third and fourth snapshots (bottom left and right) correspond to times t = 340 s and t = 17922 s. The bow shock that is formed with the companion star at its apex
can be clearly seen in all snapshots. The vertical dimension of the box changes from 2.21011 cm (first snapshot) to 2.5 1013 cm (fourth snapshot).
(A color version of this figure is available in the online journal.)

the differences found by Pakmor et al. (2008) in their resolution
study. Some of the discrepancies between the models shown in
Table 1 come from the different prescriptions used to model
gravity in two and three dimensions.

The overall picture of the collision process can be seen in
Figure 1, which shows density maps at different representative
times for model A in Table 1. The last snapshot corresponds to
t ≃ 5 hr after the beginning of the collision. At this point, the
interaction has ceased and the mass stripped from the secondary
is 0.1 M⊙, in good agreement with models B and C, both
calculated in 3D. The detailed temporal evolution of the amount
of stripped mass in the three models from Table 1 is shown
in Figure 2. About half of the stripped mass is removed from
the secondary in an initial violent episode lasting around 250 s,
and the remaining mass is removed more gradually during the
interaction process. These two stages are usually referred to as
the stripping and ablation phases (Wheeler et al. 1975). Notice
the brief episode of recapture of material which takes place
around t = 210 s in the three models depicted in Figure 2.
It is not clear whether this feature, which is also present in
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Figure 2. Evolution of the stripped mass for models A, B, and C of Table 1.
(A color version of this figure is available in the online journal.)
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Holes/Gaps in Type Ia SNRs - Possible 
Signature of Single-Degenerate Scenario
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The Astrophysical Journal, 772:134 (15pp), 2013 August 1 Milisavljevic & Fesen

Figure 5. 3D Doppler reconstruction of Cas A’s optically emitting ejecta. The main shell and all sampled high velocity outer material are represented. Top panel shows
the reconstruction with respect to the plane of the sky as observed from Earth with north up and east to the left. The velocity gradient is color-coded and only blueshifted
material is visible from this perspective. Middle panel shows the same perspective rotated 180◦ with respect to the north–south axis. In this representation, the vantage
point is from behind Cas A with only redshifted material shown. Bottom panel is an angled perspective showing the full range of velocities. The plane of the sky is
shown offset for reference. A translucent sphere is a visual aid to help distinguish between front and back material. Refer to Movie 1 for an animation of these data.

(An animation of this figure are available in the online journal.)
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From 2D to 3D

Milisavljevic & Fesen 2013

Si Fe
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Spectral analysis of small knots of 
ejecta in Tycho show very high 

line-of-sight velocities 

Blueshifted mean = -3220 km/s
Redshifted mean = 4980 km/s

Tycho’s SNR

From Brian Williams talk on
Wednesday
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Results and 3D visualization

Velocity vectors are of arbitrary absolute length, but 
are scaled accurately relative to each other!

From Brian Williams talk on
Wednesday
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leaving behind silicon-rich ejecta. Another is a region
where a high density of free ↵-particles results in the
“freezing out” of nuclear reactions (i.e., “↵-rich freeze-
out”, Woosley et al. 1973) which can lead to ejecta rich
with elements heavier than the iron group (e.g., Woosley
& Ho↵man 1992).
For a given supernova, the innermost ejecta have a

wide range of peak temperatures and densities and,
therefore, a wide range of reactions can play a role in
the nucelosynthetic yields. The 44Ti yield is very sen-
sitive to these conditions and thus is an ideal probe of
nuclear and explosion physics. 56Ni is much less sensitive
to these conditions and instead is ideally suited to delin-
eating the region where silicon burning occurs. Using the
yields of both nickel and titanium we can better identify
the burning regions and their exact conditions.
The abundance of 56Ni is measured by observing atom-

ics transitions in shock heated iron, as iron is a decay
product of 56Ni. Determining the exact iron abundance
from observations is not, however, straightforward as this
requires models of the shock heating and the ionization
state of the iron and, crucially, requires a model of the
density of the iron (e.g., Hwang & Laming 2012). In ad-
dition, some of the observed iron could be material swept
up in the supernova shock rather than iron synthesized
in the explosion. All these uncertainties make it di�cult
to determine the exact iron abundance and, therefore,
the initial nickel abundance.
The abundance of 44Ti is easier to determine since it is

seen via the radioactive decay of 44Ti!44Sc, producing
a gamma-ray line at 1157 keV, and 44Sc!44Ca which
produces a pair of gamma-ray lines at 78.32 and 67.87
keV. The branching ratios of the 1157, 78.32, and 67.87
keV lines are 99.9%, 96.4%, and 93%, respectively (Chen
et al. 2011)1. The present-day flux of photons produced
in the radioactive decay of 44Ti is therefore directly pro-
portional to the initial synthesized 44Ti mass, indepen-
dent of local conditions. For SNR that are a few hundred
years old, the 44Ti ejecta, which has a half-life of 58.9 ±
0.3 yr (Ahmad et al. 2006), is still abundant enough to
be observed.
Cassiopeia A (Cas A) is arguably the best-studied core-

collapse SNR. It is young, with an explosion date inferred
from the dynamical motion of the ejecta knots of 1671
(Thorstensen et al. 2001) and relatively nearby at 3.4
kpc (Reed et al. 1995). 44Ti has been detected from
Cas A by the COMPTEL (Iyudin et al. 1994) and OSSE
(The et al. 1996) instruments on the Compton Gamma-

Ray Observatory, Beppo-SAX (Vink et al. 2001), RXTE
(Rothschild & Lingenfelter 2003), INTEGRAL (Renaud
et al. 2006), and NuSTAR (Grefenstette et al. 2014). A
comparison of the total yield from all of these obser-
vations has recently been undertaken showing that all
measurements of the initial 44Ti mass using the 68 and
78 keV lines are consisent with an initial 44Ti mass of
1.37 ± 0.19 ⇥ 10�4 M� (Siegert et al. 2015). However,
only NuSTAR is capable of spatially resolving the rem-
nant and has the energy resolution to search for Doppler
broadening of the 67.87 and 78.32 keV 44Ti decay lines.
Our analysis of the initial NuSTAR observations

1 We note that our branching ratios are based on the most recent
nuclear physics measurments and are subtly di↵erent than those
reported in other papers on 44Ti (e.g., Grebenev et al. 2012).

Fig. 1.— The spatial distribution of 44Ti in Cas A compared
with the other bright X-ray features. The NuSTAR 65–70 keV
background subtracted image covering the 68 keV 44Sc line tracing
the 44Ti-rich ejecta is shown in blue. The NuSTAR image has
been adaptively smoothed for clarity. The 4–6 keV continuum
observed by Chandra image is shown in gold, the ratio in the Si/Mg
band highlighting the NE/SW jet is shown in green (data courtesy
NASA/CXC, Si/Mg ratio image J. Vink), while the distribution
of X-ray emitting iron is shown in red (Fe distribution courtesy U.
Hwang). Image credit, Robert Hurt, NASA/JPL-Caltech.

demonstrated that the 44Ti is highly asymmetric and
does not trace the observed distribution of Fe-K emis-
sion observed by Chandra (Grefenstette et al. 2014, and
Figure 1). A highly collimated axisymmetric jet engine
had previously been invoked to explain the high ratio of
44Ti / 56Ni in Cas A (e.g., Nagataki et al. 1998). How-
ever, the 44Ti ejecta does not appear to be collimated in
a jet-like structure associated with the NE/SW Si/Mg
jet (e.g. the green layer in Figure 1) observed by Chan-

dra, arguing that the Si/Mg asymmetric emission is not,
in fact, indicative of a jet-driven explosion.
Unlike in SN1987A, where the 44Ti decay lines appear

to be red-shifted but narrow (Boggs et al. 2015), in Cas
A we found that the decay lines were measureably broad-
ned, indicating that there is a diversity in the direction
of motion of the 44Ti ejecta. Our previous work using
⇠ 1 Ms of NuSTAR observations did not have su�cient
statistical power to perform a spatially resolved spectro-
scopic analysis of the 44Ti ejecta and so we were only
able to describe the spatially integrated kinematics.
In this paper, we present an analysis of 2.4 Ms of

NuSTAR observations. In §2 we describe the observa-
tions and the analysis techniques used to determine the
3-dimensional (3D) spatial positions of the 44Ti ejecta
knots. In §3 we present our results while in §4 we com-
pare and contrast the properties of the 44Ti with other
known features of the remnant in the X-ray, infrared, and
optical, and discuss the implications of these results in
the context of theoretical models of the supernova explo-
sion.
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2.4 Ms with NuSTAR
Interior to RS

Near RS
Outside RS

Blue arrow: direction of Ti
Yellow arrow: direction of NS 12 Grefenstette et al.

Fig. 13.— The 3D distribution of the observed 44Ti ejecta compared with the CCO motion. The unit vectors are North (blue), West
(red) and along the observer’s line-of-sight (green). The data points show the 44Ti data along with 1-sigma errors and have the same color
scheme as in Figure 5. The blue vector shows the flux-weighted mean direction of motion of the 44Ti, while the gold vector shows the
direction of motion of the CCO where the CCO is assumed to be moving opposite to the direction of the 44Ti along the line-of-sight and at
a position angle of 169� degrees clockwise from North (see text). The center frame shows the remnant as seen by the observer, while the
right/left frames have been rotated +/- 30� clockwise around North (blue) axis. An animation showing the full rotation of the remnant is
available in the online journal.

One of the most important unresolved issues currently
facing the supernova simulation community is whether
supernova explosions can be adequately modeled in 2D
(i.e., the explosion can be described by axis-symmetric
simulations) or whether they require 3D simulations to
fully capture the relevant instabilities (see e.g., recent
reviews by Fryer et al. 2014; Janka et al. 2016). The fa-
vored interpretation for core-collapse supernova is that
neutrino heating drives shock instabilities in the collaps-
ing star (e.g., Bethe & Wilson 1985). These instabilities
give rise to large spatial structures (i.e. those that can be
described by “low mode” spherical harmonics), or bub-
bles, in the ejecta that carry enough momentum to revive
the stalled shock and explode the star.
We have previously argued that even the 2D images of

the 44Ti ejecta in Cas A suggest that large scale struc-
tures dominate the ejecta distribution rather than small
turbulent eddies (i.e., features that can be described by
“high-mode” spherical harmonics) or “jet”-like features
that can result from the collapse of a rapidly rotating
massive star like those that are present in Type Ib/Ic
supernovae and/or gamma-ray bursts (e.g., Mösta et al.
2015). The generation of these large structures in 3D
may be related to the Standing mode Accretion Shock
Instability (SASI), which redistributes power to lower
spherical harmonics in 3D simulations while turbulence
will drive power to higher order modes (Janka et al.
2016). This can also occur in Rayleigh-Taylor driven
convection (e.g. Herant 1995).
The fact that we now see large, coherent structures

in the 3D distribution of the ejecta is further evidence
that the large spatial instabilities do not cascade down
to small spatial scales on less than a dynamical timescale.
This is especially true when we consider the spatial varia-
tions of the measured Fe / Ti abundance, which is nearly
bipolar in structure and may be the best tracer for den-
sity asymmetries in the innermost ejecta during explosive
nucleosynthesis.

5. SUMMARY

We have presented results from the 2.4 Ms NuSTAR

campaign designed to study the 44Ti ejecta in Cas A.
These data provide the first opprotunity to study the 3D

distribution of 44Ti in Cas A. The ability to spatially re-
solve the emission from the 44Ti ejecta provides us with a
new probe for studying nucleosynthesis in the supernova
explosion by studying the relative spatial distributions of
the 44Ti-rich ejecta and the 56Ni-rich ejecta.
The average momentum (i.e., the flux-weighted aver-

age of the 44Ti ejecta velocites) gives a resulting vector
rotated in the plane of the sky by ⇠340� ± 15� (measured
clockwise from Celestial North) and tilted by 58� ± 20�

into the plane of the sky away from the observer. The
plane-of-the-sky velocity is almost precisely opposite the
direction of the Cas A CCO, likely a neutron star. This
is highly suggestive that the 44Ti ejecta is tracing out the
instabilities that led to the neutron star kick in Cas A.
We therefore expect that the neutron star should have a
significant transverse (line-of-sight) velocity towards the
observer, though we have no observational means of test-
ing this hypothesis.
We find 44Ti ejecta interior to the reverse shock,

though these ejecta cannot be definitively associated with
known features observed in the optical or the infrared.
The present-day flux from this ejecta implies that there
is an initial mass of ⇠4 ⇥10�5M� of 44Ti interior to the
reverse shock. If we assume this interior ejecta has a
comparable Ni / Ti ratio to the regions exterior to the
reverse shock (implying an Fe / Ti ratio of ⇠500) then
we estimate that there is 0.02 M� of “hidden” iron in the
interior of Cas A, though we caution that this number is
highly model dependent.
Where we see 44Ti ejecta near or exterior to the reverse

shock in 3D we generally see emission from shock-heated
iron, which should mostly be descended from 56Ni that is
synthesized along with the 44Ti in the explosion. This is
true both of iron that is associated with lighter elements
which may have the result of incomplete silicon burning
as well as regions of “pure” iron that we think result
from ↵-rich freeze-out. While there is some evidence for
44Ti ejecta exterior to the reverse shock where we do not
observe any associated iron we are not convinced that
either the interpretation of the 3D location of Doppler-
broadened region of 44Ti ejecta is correct or that the lack
of observed iron implies that the iron is not present.

From 2D to 3D
Kinematics of 44-Ti line showed that Ti is 

opposite to NS motion



for the spatial and velocity structure of the SNR. Sections 7
and 8 discuss and summarize the findings.

2. OBSERVATIONS AND DATA ANALYSIS

The SNR 1E 0102.2!7219 was observed with the Chandra
HETGS (Canizares et al. 2000; C. R. Canizares et al. 2004,
in preparation) in two observation intervals as part of the
guaranteed time observation program. Details of the obser-
vation are given in Table 1. The instrument configuration in-
cluded HETG with the Advanced CCD Imaging Spectrometer
(ACIS-S; Garmire et al. 2003; Burke et al. 1997). These two
observations of 1E 0102.2!7219 had slightly different roll
angles and aim points and were independently treated in our
analysis.

The data were processed using standard CXC pipeline
software (ver. R4CU5UPD8.2), employing calibration files
available in 2001 February. Processing of the data included
running acis_process_events to correctly assign ACIS pulse
height to the events (needed for proper order sorting) and
filtering the data for energy, status, and grade (0, 2, 3, 4, 6).
Since the SNR is extended, a customized region mask was
created to ensure that all source photons were captured, both
in the zeroth-order (undispersed) image and along the dis-
persion axes. Further processing included aspect correction,
selection of good time intervals, removal of detector artifacts
(hot pixels and streaks), and selection of first-order photons. At
the end of processing, the net live time was 135.5 ks, the bulk
of it (86.9 ks) from the first observation interval, ObsID 120.

The HETG consists of two independent sets of gratings
with dispersion axes oriented at angles that differ by "10#.
The medium-energy gratings (MEG) cover an energy range

of 0.4–5 keV and have half the dispersion of the high-energy
gratings (HEG), which provide simultaneous coverage of the
range 0.9–10 keV. The gratings form an undispersed image at
the pointing position (the zeroth-order image) with Chandra’s
full spatial resolution and with spectral information limited to
the moderate resolution provided by the ACIS detector. The
dispersed photons provide the high-resolution spectrum. The
different dispersion directions and two dispersion wavelength
scales provide redundancy, as well as a means of resolving
spectral/spatial confusion problems associated with extended
sources such as SNRs (discussed in more detail in x 5). The
high-resolution spectra from +1 and !1 orders are discrimi-
nated from overlapping higher orders by using the moderate-
energy resolution of the ACIS-S. Further details of the
instrument can be found in Markert et al. (1994) and on-line.2

After eliminating higher orders, approximately 47% of the
detected photons in the spectrum were in zeroth order, 40% in
MEG $ 1 orders, and 13% in HEG $ 1 orders. The MEG !1
order had a higher count rate than the +1 order, attributable to
the presence of a back-side–illuminated CCD, which has
much higher detection efficiency for the bright, low-energy
oxygen lines than the front-side-illuminated CCD used in the
+1 order. The approximate breakdown of dispersed and
undispersed photons in the spectrum is shown in Table 1.

3. THE HIGH-RESOLUTION X-RAY SPECTRUM

Figure 1 shows a portion of the high-resolution spectrum
from the !1 order of the MEG gratings, taken during the first
observation interval, ObsID 120. The dispersed spectrum is
analogous to a spectroheliogram, showing a series of mono-
chromatic images of the source in the light of individual
spectral lines. The HETGS spectrum is dominated by lines of
highly ionized oxygen, neon, and magnesium from ionization
stages in which only one (hydrogen-like) or two (helium-like)
electrons remain. These are states that are long lived under
conditions typical of SNRs. Also present is a helium-like line
of silicon (truncated from Fig. 1), but notably weak are lines
of highly ionized iron (i.e., Fe xvii and Fe xviii). Relative to
the strong lines in the spectrum, the continuum component is
weak.

Fig. 1.—Dispersed high-resolution spectrum of 1E 0102!7219. Shown here is a portion of the MEG !1 order, color coded to suggest the ACIS energy
resolution. At right in the figure (with different intensity scaling) is the zeroth order, which combines all energies in an undispersed image. Images formed in the light
of strong X-ray emission lines are labeled. The dispersed spectrum is truncated; the resonance line of Si xiii is not shown in the figure.

TABLE 1

HETG Observations of 1E 0102.2!7219

Parameters ObsID 120 ObsID 968

Nominal observation time (ks) ................ 90 48.6

Roll anglea (deg)...................................... 12.0088 11.1762

Effective observation time (ks)................ 86.9 48.6

Date observed .......................................... 1999 Sep 28 1999 Oct 8

Zeroth order b .......................................... 55.3 29.5

MEG $ 1 orderb...................................... 45.8 25.5

HEG $ 1 orderb ...................................... 15.0 7.9

a Rotation angle about the viewing axis; positive is west of north.
b 103 raw counts.

2 See the Chandra Proposers’ Observatory Guide 2002, ver. 5.0, available
at http://cxc.harvard.edu/proposer/POG/index.html. See also the HETGS Web
site, available at http://space.mit.edu/HETG.
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Figure 4. Supernova remnants as observed in
the HETG GTO program are shown on the same
scale.

Fe forest from 7 to 18 Å. E0102 shows a clear ring
structure with bright lines of O, Ne, Mg and very
little Fe. N132D shows prominant O and Fe lines
as well as Ne, Mg, and Si; its image consists of
many filaments as narrow as 2 to 5 arc seconds.
Cas A is cutoff with strong Si and S lines and
structure on small scales (see below); in Fig. 4
the Cas A dispersed image is only of events in
the Si XIII-XIV energy range. The rough sizes of
these SNR are indicated on Fig. 3. Clearly these
renmants are large for Chandra grating observa-
tions, however the SNRs do show spatial features
on a small scale of 2 to 5 arc seconds. From an
analysis point of view each SNR may be consid-
ered a set of sources in a single complex field.

3. 1-D Analysis Approaches

As a first cut for extended source analysis it is
useful to explore what can be done using the 1-
dimensional machinery that is already available,
that is forward folding spectral models through
arf and rmf files to find best fits to pha files cre-
ated from the data. This implicitly assumes a
spectrum which is independent of spatial coor-
dinates; significant spatial-spectral effects can be
uncovered by looking for systematic residuals in
the 1-D approach.

One or more pha files can be created with
standard analysis s/w choosing appropriate cross-
dispersion regions and assuming that order-
sorting of events is possible. For relatively small
objects the full object may be captured in a sin-
gle pha file as in the case of N103B below. The
cross-dispersion region may be set to extract just
a specific feature or bright filament, see Cas A
example below. Or a quasi-two-dimensional anal-
ysis can be carried out by slicing the object into
multiple cross-dispersion regions as in Fig. 5 and
simultaneously fitting a single spectral model to
the set of pha files that are created.

For the 1-D analysis it is necessary to gener-
ate arf and rmf files that go along with the ex-
tracted pha file(s). If the response varies little
over the size of the source then an arf file for a
point source at an appropriate location can be a
good approximation.

Creation of rmf files is the most novel part
of these 1-D approaches. For RGS observations,
a model in XSPEC 11.2, rgsxsrc, can generate
an rmf based on an input image, taking into ac-
count the main effect of the extended source on
the spectrum; alternatively rgsrmfgen may be
used[4]. For our Chandra observations, custom

zeroth−order dispersed order

Figure 5. In a quasi-2D approach multiple 1-D
spectra are extracted from a dispersed 2-D ob-
ject and analyzed simultaneously with conven-
tional s/w (ISIS, XSPEC,...). More information
is retained than if a single large extraction region
were used.
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of these 1-D approaches. For RGS observations,
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Fig. 20 Chandra X-ray images of LMC Type Ia SNRs. These are three-color images, and in all cases red
represents the O VII/O VIII band (0.5–0.7 keV), the color green represents Fe-L emission line (∼1 keV).
From left to right, top to bottom: B0509-67.5 (Warren and Hughes 2004), B0519-69.0 (Kosenko et al.
2010), N103B (Lewis et al. 2003), DEM L71 (Hughes et al. 2003a), and B0534-699 (Hendrick et al. 2003).
The order of the figures is approximately indicative of the relative dynamical age (Images generated by the
author using the Chandra archive)

Fig. 21 The stratification of O VII–VIII, Si XII, and Fe XVII–XVIII (Fe low), Fe XIX–XXI (Fe high)
in SNR B0519-69.0, based on Chandra data. The left panel shows the radial surface emission profile,
whereas the right panel shows the deprojected (emissivity) profile (figure taken from Kosenko et al. 2010)
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Future: Microcalorimeters
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Future: Lynx

I. The X-Ray View of Supernova Remnants

Supernovae (SNe) play an essential role in the Universe. Metals synthesized during the explosion
chemically enrich galaxies, supplying fodder for dust and the next generation of stars. Their shock
waves plow through the interstellar medium (ISM) for thousands of years, accelerating particles to
extreme energies (⇠1015 eV) and amplifying magnetic fields up to a thousand times that of the ISM.
The shocks also heat surrounding gas and impart momentum, altering the phase structure of the
ISM, shaping galaxies, and driving kpc-scale galactic winds.

Although hundreds of supernovae (SNe) are found each year at optical wavelengths by
dedicated surveys, they are often too distant to resolve the SN ejecta and the immediate surroundings
of the exploded stars. Studies of the closest SNe, such as SN 1987A (McCray & Fransson 2016),
have advanced the field tremendously, but our understanding of SN progenitors and explosion
mechanisms is hampered by the infrequency of nearby events.

Supernova remnants (SNRs) offer the means to study SN explosions, dynamics, and shocks at
sub-pc scales, and they are an important tool to explore the relationship between compact objects and
their explosive origins. Observations of SNR morphologies, kinematics, and chemical abundances
are crucial to test and constrain recent, high-fidelity 3D SN simulations. Metals synthesized in the
explosions are shock-heated to ⇠107 K temperatures (see Fig. 1), and TeV electrons accelerated
by the forward shock emit synchrotron radiation at X-ray energies. Thus, X-ray observations are a
crucial means to probe the bulk of SNR ejecta material and the particle acceleration process.

Future X-ray facilities offer exciting prospects for major advancements in SN science.
Increased effective area relative to Chandra and XMM-Newton will enable detailed investigation of
faint and distant SNRs, including the >600 SNRs in the Milky Way and Local Group galaxies (e.g.,
Badenes et al. 2010; Ferrand & Safi-Harb 2012; Sasaki et al. 2012; Maggi et al. 2016; Garofali
et al. 2017; Green 2017). Sub-arcsecond spatial resolution will enable proper motion studies
over a baseline of several decades, and it will facilitate a resolved view of the thin synchrotron
filaments around the periphery of young SNRs. X-ray microcalorimeters will resolve He-like
and H-like line complexes of many elements, facilitating 3D mapping of metals synthesized in
the explosions. With these capabilities, the sample size of young SNRs with morphological,
kinematic, and nucleosynthetic measurements dramatically increases, and these observations are
crucial to inform SN models and probe SN feedback and chemical enrichment in different Galactic
environments.
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•  Type Ia SNR similar to Kepler 
  - strong evidence for CSM interaction 
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Figure 1: Simulated
Athena (left) and Lynx

(middle) images of the
Type Ia SNR N103B
in the LMC. The right
panel shows simulated
microcalorimeter spectra
from two locations in
N103B. A 100-pixel
microcalorimeter is vital
to obtain distinct spectra
from the ejecta and the
CSM components.
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Lopez et al. 2019, arXiv: 1903.09677

1” pixels on microcalorimeter reduces confusion 
between different spectral components to enable precise 
measures of velocities, ejecta mixing, plasma properties



Conclusions
SNR morphologies in different wavebands reflect the 
explosion asymmetries, the inhomogeneous environments, 
and the ambient magnetic field/particle acceleration properties

Type Ia SNRs are more circular and symmetric in X-rays and 
IR, reflecting their distinct explosions & environments.

In radio, morphology reflects ambient density and B-field. 
Radio morphology becomes increasingly asymmetric with age 
due to expansion into inhomogeneous medium. 

Distinct morphologies of different elements useful to constrain 
explosion/progenitors and origin of neutron star kicks

3D maps of SNRs are even more powerful at revealing 
asymmetries, microcalorimeters will revolutionize field


