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Conclusions
➡ The wealth of data available on supernova remnants offers an 
exciting basis for comparison between sources

➡ SNRs can be “typed” based on their symmetry

➡ Jet-driven SNe (those with collimated outflows) occur at rates 
that we may expect to find a handful in MW and nearby galaxies

➡ Identified two possible jet-driven SNRs, W49B and SMC 
0104-72.3, based on six observational characteristics

➡ SNRs with magnetars have the same symmetry as those 
without magnetars

➡ NuSTAR hard X-ray imaging revealing important insights about 
explosion asymmetries, progenitors, and particle acceleration



By the Numbers
➡ ~375 known supernova remnants in the Milky Way, Large and 
Small Magellanic Cloud

➡ 164 MW, LMC, and SMC SNRs imaged with X-ray telescopes

➡ ~20 of 164 are classified as Type Ia SNRs based on metal 
abundances

➡ 70 have detected central compact objects; 41 have pulsar wind 
nebulae

➡ 70 are interacting with molecular clouds

Use SNRs to test SN models,  
especially with statistical studies 

between populations to discern trends 



Typing Supernova Remnants

I. Presence of a neutron star
II. Light echoes (light reflected by nearby dust retains spectral info)
III. Chemical abundances (e.g., O/Fe)
IV. Environment (ISM/CSM density & structure, star formation)
V. Morphological (a)symmetry



Measuring Symmetry in SNRs

Lopez et al. 2009a/b
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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

(

1

R

)

− 2G

×

∞
∑

m=1

1

mRm
(am cos mφ + 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

cos mφ′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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TABLE 1
Archival SNRs, Sorted by Age

Source ObsID ACIS Exposure Age Distance Radiusa LX
a References

(ks) (years) (kpc) (pc) (×1037 erg/s)
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Core-collapse Sources
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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

(

1

R

)

− 2G

×

∞
∑

m=1

1

mRm
(am cos mφ + bm sin mφ) , (1)

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):                        

My typing method: symmetry



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.
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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
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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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ties in the power ratios. However, we have the results of the
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ratios for each cluster. To account for both the noise and sys-
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repeated 1000 times. For P3 /P0, the rank sum test never gives a
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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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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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Figure 1. Chandra X-ray soft-band (0.5–2.1 keV) images of the 24 SNRs listed in Table 1. The cyan circles mark the full-band centroids of each SNR used in our
power-ratio/multipole expansion method. Numbers correspond to those in Column 1 of Table 1. Red numbers denote Type Ia SNRs; light blue numbers denote CC
SNRs.

the pulsars. Generally, the removed area of the pulsars was
small (!16 pixels2). In sources where the pulsar emission was
more extended (e.g., RCW 103 and Kes 73), it was necessary
to replace a larger area (!400 pixels2); since these SNRs are
shell-like (Green 2009), this procedure did not alter their overall
morphology. No other point sources were removed because of
potential confusion with small ejecta substructures.

Given the young-to-middle age of our sources (see Table 1),
we expect that all are ejecta dominated, and the shocked ISM has
only a minor contribution to the observed X-ray flux (Badenes
et al. 2010). 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.

3. METHODS

In what follows, we apply two methods to quantify the X-ray
morphologies of our SNR targets: a power-ratio method (PRM)
to measure symmetry and wavelet-transform analysis (WTA) to
probe X-ray substructure. These techniques were introduced in
Lopez et al. (2009b, hereafter L09b); we refer the reader to that
paper for a detailed formalism. Here, we give a brief overview
of the methods and their uses.

3.1. Power-ratio Method

The PRM enables the measurement of asymmetries in X-ray
surface brightness distributions, and we employ this technique

Table 2
X-ray Emission Line Selection

Source Linesa

Cas A O Contb, Mg xi, Si xiii, S xv, Ar xvii, Ca xix, Fe xxv
Kepler Fe L, Mg xi, Si xiii, S xv, Ar xvii, Ca xix, Fe xxv
Tycho Fe L, Si xiii, S xv
W49B Si xiii, S xv, Ar xvii, Ca xix, Fe xxv
G15.9+0.9 Si xiii, S xv
G11.2−0.3 Mg xi, Si xiii, S xv
Kes 73 Mg xi, Si xiii, S xv
RCW 103 Fe L, Mg xi, Si xiii,
G292.0+1.8 O viii, Ne ix, Mg xi, Si xiii, S xv

Notes.
a Energy ranges for individual lines vary slightly across the sources, de-
pending on, e.g., the width of the lines. On average, the bands are O Cont:
0.6–0.8 keV; O viii: 0.6–0.7 keV; Ne ix: 0.85–0.95 keV; Fe L: 0.9–1.1 keV;
Mg xi: 1.20–1.50 keV; Si xiii: 1.7–2.1 keV; S xv: 2.25–2.60 keV; Ar xvii:
2.9–3.3 keV; Ca xix: 3.7–4.1 keV; Fe xxv: 6.2–6.9 keV.
b The oxygen in Cas A is expected to be completely ionized and to dominate the
bremsstrahlung continuum (Vink et al. 1996). Therefore, we use the 0.6–0.8 keV
continuum as a proxy for the oxygen.

here to compare the global morphologies of thermal emission
in Type Ia and CC SNRs. The method was first applied to char-
acterize the X-ray morphology of galaxy clusters observed with
ROSAT (Buote & Tsai 1995, 1996) and with Chandra (Jeltema
et al. 2005). Subsequently, L09b and Lopez et al. (2009a, here-
after L09a) developed and extended the technique to Chandra

3

The Astrophysical Journal, 732:114 (18pp), 2011 May 10 Lopez et al.

1 2 3 4

11 12

5 6

7 8 9 10

13 14 15 16 17 18

19 20 21 22 23 24

Figure 1. Chandra X-ray soft-band (0.5–2.1 keV) images of the 24 SNRs listed in Table 1. The cyan circles mark the full-band centroids of each SNR used in our
power-ratio/multipole expansion method. Numbers correspond to those in Column 1 of Table 1. Red numbers denote Type Ia SNRs; light blue numbers denote CC
SNRs.
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small (!16 pixels2). In sources where the pulsar emission was
more extended (e.g., RCW 103 and Kes 73), it was necessary
to replace a larger area (!400 pixels2); since these SNRs are
shell-like (Green 2009), this procedure did not alter their overall
morphology. No other point sources were removed because of
potential confusion with small ejecta substructures.

Given the young-to-middle age of our sources (see Table 1),
we expect that all are ejecta dominated, and the shocked ISM has
only a minor contribution to the observed X-ray flux (Badenes
et al. 2010). 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.

3. METHODS

In what follows, we apply two methods to quantify the X-ray
morphologies of our SNR targets: a power-ratio method (PRM)
to measure symmetry and wavelet-transform analysis (WTA) to
probe X-ray substructure. These techniques were introduced in
Lopez et al. (2009b, hereafter L09b); we refer the reader to that
paper for a detailed formalism. Here, we give a brief overview
of the methods and their uses.

3.1. Power-ratio Method

The PRM enables the measurement of asymmetries in X-ray
surface brightness distributions, and we employ this technique
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X-ray Emission Line Selection
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Kes 73 Mg xi, Si xiii, S xv
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G292.0+1.8 O viii, Ne ix, Mg xi, Si xiii, S xv

Notes.
a Energy ranges for individual lines vary slightly across the sources, de-
pending on, e.g., the width of the lines. On average, the bands are O Cont:
0.6–0.8 keV; O viii: 0.6–0.7 keV; Ne ix: 0.85–0.95 keV; Fe L: 0.9–1.1 keV;
Mg xi: 1.20–1.50 keV; Si xiii: 1.7–2.1 keV; S xv: 2.25–2.60 keV; Ar xvii:
2.9–3.3 keV; Ca xix: 3.7–4.1 keV; Fe xxv: 6.2–6.9 keV.
b The oxygen in Cas A is expected to be completely ionized and to dominate the
bremsstrahlung continuum (Vink et al. 1996). Therefore, we use the 0.6–0.8 keV
continuum as a proxy for the oxygen.

here to compare the global morphologies of thermal emission
in Type Ia and CC SNRs. The method was first applied to char-
acterize the X-ray morphology of galaxy clusters observed with
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Figure 1. Chandra X-ray soft-band (0.5–2.1 keV) images of the 24 SNRs listed in Table 1. The cyan circles mark the full-band centroids of each SNR used in our
power-ratio/multipole expansion method. Numbers correspond to those in Column 1 of Table 1. Red numbers denote Type Ia SNRs; light blue numbers denote CC
SNRs.

the pulsars. Generally, the removed area of the pulsars was
small (!16 pixels2). In sources where the pulsar emission was
more extended (e.g., RCW 103 and Kes 73), it was necessary
to replace a larger area (!400 pixels2); since these SNRs are
shell-like (Green 2009), this procedure did not alter their overall
morphology. No other point sources were removed because of
potential confusion with small ejecta substructures.

Given the young-to-middle age of our sources (see Table 1),
we expect that all are ejecta dominated, and the shocked ISM has
only a minor contribution to the observed X-ray flux (Badenes
et al. 2010). 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.

3. METHODS

In what follows, we apply two methods to quantify the X-ray
morphologies of our SNR targets: a power-ratio method (PRM)
to measure symmetry and wavelet-transform analysis (WTA) to
probe X-ray substructure. These techniques were introduced in
Lopez et al. (2009b, hereafter L09b); we refer the reader to that
paper for a detailed formalism. Here, we give a brief overview
of the methods and their uses.

3.1. Power-ratio Method

The PRM enables the measurement of asymmetries in X-ray
surface brightness distributions, and we employ this technique
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Mg xi: 1.20–1.50 keV; Si xiii: 1.7–2.1 keV; S xv: 2.25–2.60 keV; Ar xvii:
2.9–3.3 keV; Ca xix: 3.7–4.1 keV; Fe xxv: 6.2–6.9 keV.
b The oxygen in Cas A is expected to be completely ionized and to dominate the
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Figure 1. Chandra X-ray soft-band (0.5–2.1 keV) images of the 24 SNRs listed in Table 1. The cyan circles mark the full-band centroids of each SNR used in our
power-ratio/multipole expansion method. Numbers correspond to those in Column 1 of Table 1. Red numbers denote Type Ia SNRs; light blue numbers denote CC
SNRs.

the pulsars. Generally, the removed area of the pulsars was
small (!16 pixels2). In sources where the pulsar emission was
more extended (e.g., RCW 103 and Kes 73), it was necessary
to replace a larger area (!400 pixels2); since these SNRs are
shell-like (Green 2009), this procedure did not alter their overall
morphology. No other point sources were removed because of
potential confusion with small ejecta substructures.

Given the young-to-middle age of our sources (see Table 1),
we expect that all are ejecta dominated, and the shocked ISM has
only a minor contribution to the observed X-ray flux (Badenes
et al. 2010). 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.

3. METHODS

In what follows, we apply two methods to quantify the X-ray
morphologies of our SNR targets: a power-ratio method (PRM)
to measure symmetry and wavelet-transform analysis (WTA) to
probe X-ray substructure. These techniques were introduced in
Lopez et al. (2009b, hereafter L09b); we refer the reader to that
paper for a detailed formalism. Here, we give a brief overview
of the methods and their uses.

3.1. Power-ratio Method

The PRM enables the measurement of asymmetries in X-ray
surface brightness distributions, and we employ this technique
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the pulsars. Generally, the removed area of the pulsars was
small (!16 pixels2). In sources where the pulsar emission was
more extended (e.g., RCW 103 and Kes 73), it was necessary
to replace a larger area (!400 pixels2); since these SNRs are
shell-like (Green 2009), this procedure did not alter their overall
morphology. No other point sources were removed because of
potential confusion with small ejecta substructures.

Given the young-to-middle age of our sources (see Table 1),
we expect that all are ejecta dominated, and the shocked ISM has
only a minor contribution to the observed X-ray flux (Badenes
et al. 2010). 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.

3. METHODS

In what follows, we apply two methods to quantify the X-ray
morphologies of our SNR targets: a power-ratio method (PRM)
to measure symmetry and wavelet-transform analysis (WTA) to
probe X-ray substructure. These techniques were introduced in
Lopez et al. (2009b, hereafter L09b); we refer the reader to that
paper for a detailed formalism. Here, we give a brief overview
of the methods and their uses.

3.1. Power-ratio Method

The PRM enables the measurement of asymmetries in X-ray
surface brightness distributions, and we employ this technique
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morphology. No other point sources were removed because of
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we expect that all are ejecta dominated, and the shocked ISM has
only a minor contribution to the observed X-ray flux (Badenes
et al. 2010). 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.
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In what follows, we apply two methods to quantify the X-ray
morphologies of our SNR targets: a power-ratio method (PRM)
to measure symmetry and wavelet-transform analysis (WTA) to
probe X-ray substructure. These techniques were introduced in
Lopez et al. (2009b, hereafter L09b); we refer the reader to that
paper for a detailed formalism. Here, we give a brief overview
of the methods and their uses.

3.1. Power-ratio Method

The PRM enables the measurement of asymmetries in X-ray
surface brightness distributions, and we employ this technique
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more extended (e.g., RCW 103 and Kes 73), it was necessary
to replace a larger area (!400 pixels2); since these SNRs are
shell-like (Green 2009), this procedure did not alter their overall
morphology. No other point sources were removed because of
potential confusion with small ejecta substructures.

Given the young-to-middle age of our sources (see Table 1),
we expect that all are ejecta dominated, and the shocked ISM has
only a minor contribution to the observed X-ray flux (Badenes
et al. 2010). 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.
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In what follows, we apply two methods to quantify the X-ray
morphologies of our SNR targets: a power-ratio method (PRM)
to measure symmetry and wavelet-transform analysis (WTA) to
probe X-ray substructure. These techniques were introduced in
Lopez et al. (2009b, hereafter L09b); we refer the reader to that
paper for a detailed formalism. Here, we give a brief overview
of the methods and their uses.

3.1. Power-ratio Method

The PRM enables the measurement of asymmetries in X-ray
surface brightness distributions, and we employ this technique
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small (!16 pixels2). In sources where the pulsar emission was
more extended (e.g., RCW 103 and Kes 73), it was necessary
to replace a larger area (!400 pixels2); since these SNRs are
shell-like (Green 2009), this procedure did not alter their overall
morphology. No other point sources were removed because of
potential confusion with small ejecta substructures.

Given the young-to-middle age of our sources (see Table 1),
we expect that all are ejecta dominated, and the shocked ISM has
only a minor contribution to the observed X-ray flux (Badenes
et al. 2010). 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.

3. METHODS

In what follows, we apply two methods to quantify the X-ray
morphologies of our SNR targets: a power-ratio method (PRM)
to measure symmetry and wavelet-transform analysis (WTA) to
probe X-ray substructure. These techniques were introduced in
Lopez et al. (2009b, hereafter L09b); we refer the reader to that
paper for a detailed formalism. Here, we give a brief overview
of the methods and their uses.

3.1. Power-ratio Method

The PRM enables the measurement of asymmetries in X-ray
surface brightness distributions, and we employ this technique
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Cas A O Contb, Mg xi, Si xiii, S xv, Ar xvii, Ca xix, Fe xxv
Kepler Fe L, Mg xi, Si xiii, S xv, Ar xvii, Ca xix, Fe xxv
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RCW 103 Fe L, Mg xi, Si xiii,
G292.0+1.8 O viii, Ne ix, Mg xi, Si xiii, S xv

Notes.
a Energy ranges for individual lines vary slightly across the sources, de-
pending on, e.g., the width of the lines. On average, the bands are O Cont:
0.6–0.8 keV; O viii: 0.6–0.7 keV; Ne ix: 0.85–0.95 keV; Fe L: 0.9–1.1 keV;
Mg xi: 1.20–1.50 keV; Si xiii: 1.7–2.1 keV; S xv: 2.25–2.60 keV; Ar xvii:
2.9–3.3 keV; Ca xix: 3.7–4.1 keV; Fe xxv: 6.2–6.9 keV.
b The oxygen in Cas A is expected to be completely ionized and to dominate the
bremsstrahlung continuum (Vink et al. 1996). Therefore, we use the 0.6–0.8 keV
continuum as a proxy for the oxygen.
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Study of SNe and long GRBs has revealed a continuum of “engine-
driven” SNe which depend on rotation and metallicity 

Jet-Driven SNe

Results

We observed SN 2003jd in the nebular
phase with the Japanese 8.2-m Subaru telescope
on 12 September 2004 (19) using the Faint
Object Camera and Spectrograph (FOCAS)
(20), and with the 10-m Keck-I telescope on
19 October 2004 using the Low Resolution
Imaging Spectrograph (LRIS) (21). These
dates correspond to SN ages of È330 and
È370 days after explosion, respectively. In
both spectra (Fig. 2), the nebular line EO I^, at
wavelengths of 6300 and 6363 ), clearly has
a double-peaked profile with full width at
half maximum (FWHM) , 8000 km s–1. The
semiforbidden Mg I^ line at 4570 ) shows a
similar profile. Magnesium is formed near
oxygen in the progenitor star. The EFe II^
blend near 5100 ) is quite weak.

Late-phase emission is created by the re-
lease of the heat deposited by g rays and pos-
itrons, both of which are emitted in the decay
chain 56Ni Y 56Co Y 56Fe. Therefore, the
mass of 56Ni can be determined indirectly
through the strength of the emission lines. Be-
cause SN 2003jd was not as luminous as SN
1998bw, we rescaled the synthetic spectra to
the appropriate 56Ni mass, the best value for
which was È0.3 the mass of the Sun (MR).
This value is actually very similar to that derived
for the GRB/SN 2003dh (22, 23) and much
larger than in the non-GRB type Ic SNe (17).

We computed nebular spectra of two-
dimensional (2D) explosion models for various
asphericities and orientations (11). We found
that a spherical model produces a flat-topped
EO I^ profile, which is not compatible with ei-
ther SN 1998bw or SN 2003jd. The flat-topped
emission is a typical characteristic of emission
from a shell. Indeed, the emission from any
spherically distributed material should have a
maximum at the wavelength of the line tran-
sition between 6300 and 6363 ), taking into
account the line blending. On the other hand,
Fig. 3 shows that a highly aspherical model
can explain the EO I^ line profiles in both SN
1998bw and SN 2003jd. To reproduce the
double-peaked profile of the EO I^ line in SN
2003jd, we found that SN 2003jd must be ori-
ented a70- away from our line of sight. In con-
trast, for SN 1998bw, this angle was only È15-
to 30- (11), and it was even smaller for SN
2003dh (24). Less aspherical models do not
produce sufficiently sharp EO I^ in SN 1998bw.

This result confirms that SN 2003jd was a
highly aspherical explosion, and it raises the
interesting question of whether SN 2003jd was
itself a GRB/SN. A GRB was not detected in
coincidence with SN 2003jd (25).

If the explosion was very off-axis, we
presume that we would not have been able to
detect g rays. However, a GRB is expected to
produce a long-lived radiative output through
synchrotron emission. X-ray and radio emis-
sions are produced by the deceleration of the
relativistic jet as it expands into the wind
emitted by the progenitor star before it ex-

ploded. This afterglow emission is very weak
until the Doppler cone of the beam intersects
our line of sight, making off-axis GRB jets
directly detectable only months after the event,
and at long wavelengths.

SN 2003jd was observed in x-rays with
Chandra on 10 November 2004, about 30 days
after the explosion, and was not detected to an
x-ray limit LX e 3.8 ! 1038 erg s–1 in the
energy interval 0.3 to 2 keV (26). It was also
observed in the radio regime (8.4 GHz) 9 days
after the explosion, and again not detected to a
radio limit LR e 1027 erg s–1 Hz–1 (27).

These nondetections may suggest that SN
2003jd did not produce a GRB. However, ab-
sence of evidence is not necessarily evidence
of absence. Let us consider the standard jet
associated with typical GRBs, that is, a sharp-
edged uniform jet with E 0 1051 erg and a 5-
opening angle, expanding laterally at the local
sound speed (see Fig. 4 legend for other param-
eters) (28, 29). If the jet expands in a wind with
density Ṁ=v 0 5 ! 1011 g cmj1 (for exam-
ple, a mass-loss rate Ṁ 0 10j6 MR per year
and velocity v 0 2000 km s–1), it would give
rise to the x-ray and radio light curves shown
in Fig. 4. If the SN made a large angle (Q60-)
with respect to our line of sight, its associated
GRB jet, if present, would not have been de-
tected in the x-rays or radio. Furthermore, the
afterglow emission can be fainter for a lower
jet energy and/or for a lower wind density.

Although this does not by itself prove that
SN 2003jd produced a GRB, it is certainly a
possibility, because quantities such as the
ejected mass of 56Ni are comparable to those
typical of GRB/SNe (22). Moreover, our
observations confirm that the energetic SN
2003jd is an aspherical explosion, reinforcing
the case for a link with a GRB. It could also be
the case for other energetic type Ic SNe. The
lack of x-ray and radio emission does not place
stringent constraints on the intrinsic kinetic
energy carried by the SN as long as the ejecta
experience little deceleration before È30 days.
The expansion velocity (which need not be
isotropic) must be | 0.2 A*

–1/3 (ee/0.1)
–1/3c

(where ee is the fraction of the total blast en-
ergy that goes into shock-accelerated electrons,
A* is wind density (Ṁ=v), and c is the speed of
light) in order to produce LX (t , 30 days) e
3.8 ! 1038 erg s–1 for a standard 1051-erg SN
shell expanding into a wind with density A* 0
ðṀ=vÞ=ð5 ! 1011 g cmj1Þ 0 1 (28). The av-
erage expansion velocity along our line of
sight can be estimated from the early-time
spectra; for SN 2003jd, this is about 0.05c. In
an aspherical explosion, however, the kinetic
energy must be considerably larger near the
rotation axis of the stellar progenitor, with
bulk expansion velocities close to È0.1c.

The bright SN 2003jd is the first type Ic SN
that shows double peaks in the EO I^ line (12),
which suggests that the degree of asphericity is

Fig. 3. Nebular line profiles observed from an aspheri-
cal explosion model depend on the orientation. The
figure shows the properties of the explosion model
computed in 2D (11). Fe (colored in green and blue) is
ejected near the jet direction and oxygen (red) in a
disc-like structure on and near the equatorial plane.
Density contours (covering two orders of magnitude
and divided into 10 equal intervals in log scale) reflect
the dense disc-like structure. Synthetic [O I] 6300 and
6363 Å lines (red lines) computed in 2D are com-
pared with the spectra of SN 1998bw and SN 2003jd
(black lines).
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GRBs

Normal SNe Ibc are non-relativistic

SN BL-Ic associated with 
long GRBs are relativistic
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ejecta, 1052 erg kinetic energy

GRB-SN connection
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GRB-SN connection
Metallicity: Normal Ibc > BL-Ic > Long GRBs
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Figure 7. Continuous probability distribution of SN Ibc host environment
metallicities from the combined sample. The curves are sums of Gaussians
defined by the metallicity measurement and their associated uncertainties. Top:
all SNe Ibc (sample size N noted in legend); Bottom: only SNe Ibc from
untargeted surveys with explosion-site metallicity measurements (sample size
in parenthesis in legend).
(A color version of this figure is available in the online journal.)

fiber (∼5 kpc from the SN site). There are five cases where we
can compare an explosion-site measurement from our sample
to an equivalent measurement from the literature, and in those
cases the rms discrepancy is only half as large (0.08 dex).

4.2. SN Ib versus Ic Metallicities

Figure 7 illustrates the metallicity distribution for all the
SN Ibc host galaxies from the combined sample. First, we
consider the distributions with no selection criteria for SN
discovery or spectroscopy methodology. With sample sizes of
[47,68 ], we find the median metallicity of SN [Ib,Ic] to be
log(O/H) + 12 = [8.56, 8.65]. The difference between the
distributions is not statistically significant (pKS = 0.08+0.21

−0.06)
and the difference in the medians is small relative to the width
of the distributions ([0.16, 0.13] dex standard deviation).

If instead we only consider SNe discovered by targeted SN
searches, we find SN host environments with systematically
higher metallicities (as quantified in Section 5.1) and we find
that the differences between the metallicity distributions for
SNe of different types are reduced (Figure 8). The median
metallicity of the N = [26, 39] SN [Ib, Ic] from the targeted
searches is log(O/H) + 12 = [8.66, 8.65] (pKS = 0.65+0.24

−0.43).
Among the subsample with spectroscopy at the SN explosion
site (N = [19, 21] SN [Ib,Ic]), we find median metallicities of
log(O/H) + 12 = [8.62, 8.62] (pKS = 0.63+0.28

−0.38).
Looking exclusively to untargeted SNe, for N = [21, 29]

SN [Ib, Ic] we find median metallicities of log(O/H) + 12 =
[8.46, 8.61] (Figure 8). While this difference is marginally
statistically significant (pKS = 2.0+6.8

−1.7 × 10−2), it is biased
by an unequal numbers of galaxy-nucleus versus explosion-
site spectroscopy in the SN Ib and Ic samples (19% and 28%
nuclear spectroscopy, respectively). This sample construction

bias raises the metallicities of SNe Ic relative to SNe Ib (see
Section 5.2). If the sample is restricted to only explosion-site
measurements, the median difference is similar (∼0.15 dex), but
the difference in the full distribution is not significant (pKS =
0.06+0.12

−0.05). The difference in the distributions is most apparent
at the high-metallicity end, where very few SNe Ib discovered
by untargeted surveys are found at super-solar metallicities.
However, the explosion-site spectroscopy in Figure 8 illustrates
that SNe Ib discovered by targeted searches do occur in super-
solar metallicity environments, and therefore their absence
among the untargeted objects must be attributed to small
sample size.

How many observations would be required to distinguish
between a true difference in the underlying distribution of
progenitor metallicities for SNe Ib and Ic? If we assume that
the metallicity distribution of SNe Ic progenitors is enriched
by 0.1 dex with respect to SNe Ib progenitors (as we find
in Section 3.3) and that both distributions are Gaussians with
standard deviation σ = 0.2 dex, then we can randomly sample
from these distributions to investigate the value of pKS we would
infer from studies of different sizes (see Figure 9). We take
statistical significance to be indicated by the K-S test when
pKS < 0.05 and we assume a sample ratio NIc/NIb = 1.6.

We find that, in the absence of systematics, only N ∼ 50
(20) SNe Ibc would be required to distinguish the discrepancy
in 85% (50%) of trials given a difference in the median
metallicity of 0.2 dex (as suggested by Modjaz et al. 2011).
The combined sample includes N = [47, 68] SN [Ib,Ic]
metallicity measurements; N = [21, 29] of these come from
untargeted SN searches and therefore have substantially reduced
systematics (see Section 5.1). Therefore, the observations to
date should be sufficient to distinguish a median metallicity
difference of 0.2 dex between SNe Ib and Ic (even among
exclusively untargeted surveys), which is not supported by the
data in the combined sample. However, a much larger sample
of N ∼ 200 (100) observations of SN Ib and Ic would be
necessary to distinguish a median difference of 0.1 dex in
the progenitor distribution in 84% (50%) of trials. Therefore a
sample !2× as large as the combined sample would be required
to unambiguously distinguish a relatively subtle discrepancy of
0.1 dex.

The host environment metallicity measurements made for
34 untargeted Type II SNe by (Stoll et al. 2012; shown in
Figure 4) constitute an interesting proxy for the metallicity
distribution of the massive star progenitors of core-collapse
SNe. Applying the K-S test using all the untargeted objects
in the combined sample, we do not find a significant difference
between the metallicities of SN Ic and SN II (pKS = 0.52),
although there is a significant difference between SN II and
[Ib, Ic-BL] (pKS = [1 × 10−3, 8 × 10−4]). Combining all
the SN Ibc in our sample, we find that they have a median
metallicity 0.13 dex lower than the SNe II and the difference
in the full distribution is significant at pKS = 0.01. A higher
median metallicity for SNe II than Ibc would conflict with
several previous findings (e.g., Prieto et al. 2008; Boissier
& Prantzos 2009; Anderson et al. 2010; Kelly & Kirshner
2011) and would not be consistent with metal-line-driven winds
stripping the progenitors of SNe Ibc, unless combined with a
significantly more bottom-heavy initial mass function (IMF)
at low metallicities. This discrepancy may instead indicate
differences in sample construction. The relatively bright SNe Ic-
BL may be overrepresented in the combined sample relative to
a volume-limited survey (see Section 5.4), biasing the SN Ibc
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Figure 7. Continuous probability distribution of SN Ibc host environment
metallicities from the combined sample. The curves are sums of Gaussians
defined by the metallicity measurement and their associated uncertainties. Top:
all SNe Ibc (sample size N noted in legend); Bottom: only SNe Ibc from
untargeted surveys with explosion-site metallicity measurements (sample size
in parenthesis in legend).
(A color version of this figure is available in the online journal.)

fiber (∼5 kpc from the SN site). There are five cases where we
can compare an explosion-site measurement from our sample
to an equivalent measurement from the literature, and in those
cases the rms discrepancy is only half as large (0.08 dex).

4.2. SN Ib versus Ic Metallicities

Figure 7 illustrates the metallicity distribution for all the
SN Ibc host galaxies from the combined sample. First, we
consider the distributions with no selection criteria for SN
discovery or spectroscopy methodology. With sample sizes of
[47,68 ], we find the median metallicity of SN [Ib,Ic] to be
log(O/H) + 12 = [8.56, 8.65]. The difference between the
distributions is not statistically significant (pKS = 0.08+0.21

−0.06)
and the difference in the medians is small relative to the width
of the distributions ([0.16, 0.13] dex standard deviation).

If instead we only consider SNe discovered by targeted SN
searches, we find SN host environments with systematically
higher metallicities (as quantified in Section 5.1) and we find
that the differences between the metallicity distributions for
SNe of different types are reduced (Figure 8). The median
metallicity of the N = [26, 39] SN [Ib, Ic] from the targeted
searches is log(O/H) + 12 = [8.66, 8.65] (pKS = 0.65+0.24

−0.43).
Among the subsample with spectroscopy at the SN explosion
site (N = [19, 21] SN [Ib,Ic]), we find median metallicities of
log(O/H) + 12 = [8.62, 8.62] (pKS = 0.63+0.28

−0.38).
Looking exclusively to untargeted SNe, for N = [21, 29]

SN [Ib, Ic] we find median metallicities of log(O/H) + 12 =
[8.46, 8.61] (Figure 8). While this difference is marginally
statistically significant (pKS = 2.0+6.8

−1.7 × 10−2), it is biased
by an unequal numbers of galaxy-nucleus versus explosion-
site spectroscopy in the SN Ib and Ic samples (19% and 28%
nuclear spectroscopy, respectively). This sample construction

bias raises the metallicities of SNe Ic relative to SNe Ib (see
Section 5.2). If the sample is restricted to only explosion-site
measurements, the median difference is similar (∼0.15 dex), but
the difference in the full distribution is not significant (pKS =
0.06+0.12

−0.05). The difference in the distributions is most apparent
at the high-metallicity end, where very few SNe Ib discovered
by untargeted surveys are found at super-solar metallicities.
However, the explosion-site spectroscopy in Figure 8 illustrates
that SNe Ib discovered by targeted searches do occur in super-
solar metallicity environments, and therefore their absence
among the untargeted objects must be attributed to small
sample size.

How many observations would be required to distinguish
between a true difference in the underlying distribution of
progenitor metallicities for SNe Ib and Ic? If we assume that
the metallicity distribution of SNe Ic progenitors is enriched
by 0.1 dex with respect to SNe Ib progenitors (as we find
in Section 3.3) and that both distributions are Gaussians with
standard deviation σ = 0.2 dex, then we can randomly sample
from these distributions to investigate the value of pKS we would
infer from studies of different sizes (see Figure 9). We take
statistical significance to be indicated by the K-S test when
pKS < 0.05 and we assume a sample ratio NIc/NIb = 1.6.

We find that, in the absence of systematics, only N ∼ 50
(20) SNe Ibc would be required to distinguish the discrepancy
in 85% (50%) of trials given a difference in the median
metallicity of 0.2 dex (as suggested by Modjaz et al. 2011).
The combined sample includes N = [47, 68] SN [Ib,Ic]
metallicity measurements; N = [21, 29] of these come from
untargeted SN searches and therefore have substantially reduced
systematics (see Section 5.1). Therefore, the observations to
date should be sufficient to distinguish a median metallicity
difference of 0.2 dex between SNe Ib and Ic (even among
exclusively untargeted surveys), which is not supported by the
data in the combined sample. However, a much larger sample
of N ∼ 200 (100) observations of SN Ib and Ic would be
necessary to distinguish a median difference of 0.1 dex in
the progenitor distribution in 84% (50%) of trials. Therefore a
sample !2× as large as the combined sample would be required
to unambiguously distinguish a relatively subtle discrepancy of
0.1 dex.

The host environment metallicity measurements made for
34 untargeted Type II SNe by (Stoll et al. 2012; shown in
Figure 4) constitute an interesting proxy for the metallicity
distribution of the massive star progenitors of core-collapse
SNe. Applying the K-S test using all the untargeted objects
in the combined sample, we do not find a significant difference
between the metallicities of SN Ic and SN II (pKS = 0.52),
although there is a significant difference between SN II and
[Ib, Ic-BL] (pKS = [1 × 10−3, 8 × 10−4]). Combining all
the SN Ibc in our sample, we find that they have a median
metallicity 0.13 dex lower than the SNe II and the difference
in the full distribution is significant at pKS = 0.01. A higher
median metallicity for SNe II than Ibc would conflict with
several previous findings (e.g., Prieto et al. 2008; Boissier
& Prantzos 2009; Anderson et al. 2010; Kelly & Kirshner
2011) and would not be consistent with metal-line-driven winds
stripping the progenitors of SNe Ibc, unless combined with a
significantly more bottom-heavy initial mass function (IMF)
at low metallicities. This discrepancy may instead indicate
differences in sample construction. The relatively bright SNe Ic-
BL may be overrepresented in the combined sample relative to
a volume-limited survey (see Section 5.4), biasing the SN Ibc
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Figure 7. Continuous probability distribution of SN Ibc host environment
metallicities from the combined sample. The curves are sums of Gaussians
defined by the metallicity measurement and their associated uncertainties. Top:
all SNe Ibc (sample size N noted in legend); Bottom: only SNe Ibc from
untargeted surveys with explosion-site metallicity measurements (sample size
in parenthesis in legend).
(A color version of this figure is available in the online journal.)

fiber (∼5 kpc from the SN site). There are five cases where we
can compare an explosion-site measurement from our sample
to an equivalent measurement from the literature, and in those
cases the rms discrepancy is only half as large (0.08 dex).

4.2. SN Ib versus Ic Metallicities

Figure 7 illustrates the metallicity distribution for all the
SN Ibc host galaxies from the combined sample. First, we
consider the distributions with no selection criteria for SN
discovery or spectroscopy methodology. With sample sizes of
[47,68 ], we find the median metallicity of SN [Ib,Ic] to be
log(O/H) + 12 = [8.56, 8.65]. The difference between the
distributions is not statistically significant (pKS = 0.08+0.21

−0.06)
and the difference in the medians is small relative to the width
of the distributions ([0.16, 0.13] dex standard deviation).

If instead we only consider SNe discovered by targeted SN
searches, we find SN host environments with systematically
higher metallicities (as quantified in Section 5.1) and we find
that the differences between the metallicity distributions for
SNe of different types are reduced (Figure 8). The median
metallicity of the N = [26, 39] SN [Ib, Ic] from the targeted
searches is log(O/H) + 12 = [8.66, 8.65] (pKS = 0.65+0.24

−0.43).
Among the subsample with spectroscopy at the SN explosion
site (N = [19, 21] SN [Ib,Ic]), we find median metallicities of
log(O/H) + 12 = [8.62, 8.62] (pKS = 0.63+0.28

−0.38).
Looking exclusively to untargeted SNe, for N = [21, 29]

SN [Ib, Ic] we find median metallicities of log(O/H) + 12 =
[8.46, 8.61] (Figure 8). While this difference is marginally
statistically significant (pKS = 2.0+6.8

−1.7 × 10−2), it is biased
by an unequal numbers of galaxy-nucleus versus explosion-
site spectroscopy in the SN Ib and Ic samples (19% and 28%
nuclear spectroscopy, respectively). This sample construction

bias raises the metallicities of SNe Ic relative to SNe Ib (see
Section 5.2). If the sample is restricted to only explosion-site
measurements, the median difference is similar (∼0.15 dex), but
the difference in the full distribution is not significant (pKS =
0.06+0.12

−0.05). The difference in the distributions is most apparent
at the high-metallicity end, where very few SNe Ib discovered
by untargeted surveys are found at super-solar metallicities.
However, the explosion-site spectroscopy in Figure 8 illustrates
that SNe Ib discovered by targeted searches do occur in super-
solar metallicity environments, and therefore their absence
among the untargeted objects must be attributed to small
sample size.

How many observations would be required to distinguish
between a true difference in the underlying distribution of
progenitor metallicities for SNe Ib and Ic? If we assume that
the metallicity distribution of SNe Ic progenitors is enriched
by 0.1 dex with respect to SNe Ib progenitors (as we find
in Section 3.3) and that both distributions are Gaussians with
standard deviation σ = 0.2 dex, then we can randomly sample
from these distributions to investigate the value of pKS we would
infer from studies of different sizes (see Figure 9). We take
statistical significance to be indicated by the K-S test when
pKS < 0.05 and we assume a sample ratio NIc/NIb = 1.6.

We find that, in the absence of systematics, only N ∼ 50
(20) SNe Ibc would be required to distinguish the discrepancy
in 85% (50%) of trials given a difference in the median
metallicity of 0.2 dex (as suggested by Modjaz et al. 2011).
The combined sample includes N = [47, 68] SN [Ib,Ic]
metallicity measurements; N = [21, 29] of these come from
untargeted SN searches and therefore have substantially reduced
systematics (see Section 5.1). Therefore, the observations to
date should be sufficient to distinguish a median metallicity
difference of 0.2 dex between SNe Ib and Ic (even among
exclusively untargeted surveys), which is not supported by the
data in the combined sample. However, a much larger sample
of N ∼ 200 (100) observations of SN Ib and Ic would be
necessary to distinguish a median difference of 0.1 dex in
the progenitor distribution in 84% (50%) of trials. Therefore a
sample !2× as large as the combined sample would be required
to unambiguously distinguish a relatively subtle discrepancy of
0.1 dex.

The host environment metallicity measurements made for
34 untargeted Type II SNe by (Stoll et al. 2012; shown in
Figure 4) constitute an interesting proxy for the metallicity
distribution of the massive star progenitors of core-collapse
SNe. Applying the K-S test using all the untargeted objects
in the combined sample, we do not find a significant difference
between the metallicities of SN Ic and SN II (pKS = 0.52),
although there is a significant difference between SN II and
[Ib, Ic-BL] (pKS = [1 × 10−3, 8 × 10−4]). Combining all
the SN Ibc in our sample, we find that they have a median
metallicity 0.13 dex lower than the SNe II and the difference
in the full distribution is significant at pKS = 0.01. A higher
median metallicity for SNe II than Ibc would conflict with
several previous findings (e.g., Prieto et al. 2008; Boissier
& Prantzos 2009; Anderson et al. 2010; Kelly & Kirshner
2011) and would not be consistent with metal-line-driven winds
stripping the progenitors of SNe Ibc, unless combined with a
significantly more bottom-heavy initial mass function (IMF)
at low metallicities. This discrepancy may instead indicate
differences in sample construction. The relatively bright SNe Ic-
BL may be overrepresented in the combined sample relative to
a volume-limited survey (see Section 5.4), biasing the SN Ibc
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fiber (∼5 kpc from the SN site). There are five cases where we
can compare an explosion-site measurement from our sample
to an equivalent measurement from the literature, and in those
cases the rms discrepancy is only half as large (0.08 dex).

4.2. SN Ib versus Ic Metallicities

Figure 7 illustrates the metallicity distribution for all the
SN Ibc host galaxies from the combined sample. First, we
consider the distributions with no selection criteria for SN
discovery or spectroscopy methodology. With sample sizes of
[47,68 ], we find the median metallicity of SN [Ib,Ic] to be
log(O/H) + 12 = [8.56, 8.65]. The difference between the
distributions is not statistically significant (pKS = 0.08+0.21

−0.06)
and the difference in the medians is small relative to the width
of the distributions ([0.16, 0.13] dex standard deviation).

If instead we only consider SNe discovered by targeted SN
searches, we find SN host environments with systematically
higher metallicities (as quantified in Section 5.1) and we find
that the differences between the metallicity distributions for
SNe of different types are reduced (Figure 8). The median
metallicity of the N = [26, 39] SN [Ib, Ic] from the targeted
searches is log(O/H) + 12 = [8.66, 8.65] (pKS = 0.65+0.24

−0.43).
Among the subsample with spectroscopy at the SN explosion
site (N = [19, 21] SN [Ib,Ic]), we find median metallicities of
log(O/H) + 12 = [8.62, 8.62] (pKS = 0.63+0.28

−0.38).
Looking exclusively to untargeted SNe, for N = [21, 29]

SN [Ib, Ic] we find median metallicities of log(O/H) + 12 =
[8.46, 8.61] (Figure 8). While this difference is marginally
statistically significant (pKS = 2.0+6.8

−1.7 × 10−2), it is biased
by an unequal numbers of galaxy-nucleus versus explosion-
site spectroscopy in the SN Ib and Ic samples (19% and 28%
nuclear spectroscopy, respectively). This sample construction

bias raises the metallicities of SNe Ic relative to SNe Ib (see
Section 5.2). If the sample is restricted to only explosion-site
measurements, the median difference is similar (∼0.15 dex), but
the difference in the full distribution is not significant (pKS =
0.06+0.12

−0.05). The difference in the distributions is most apparent
at the high-metallicity end, where very few SNe Ib discovered
by untargeted surveys are found at super-solar metallicities.
However, the explosion-site spectroscopy in Figure 8 illustrates
that SNe Ib discovered by targeted searches do occur in super-
solar metallicity environments, and therefore their absence
among the untargeted objects must be attributed to small
sample size.

How many observations would be required to distinguish
between a true difference in the underlying distribution of
progenitor metallicities for SNe Ib and Ic? If we assume that
the metallicity distribution of SNe Ic progenitors is enriched
by 0.1 dex with respect to SNe Ib progenitors (as we find
in Section 3.3) and that both distributions are Gaussians with
standard deviation σ = 0.2 dex, then we can randomly sample
from these distributions to investigate the value of pKS we would
infer from studies of different sizes (see Figure 9). We take
statistical significance to be indicated by the K-S test when
pKS < 0.05 and we assume a sample ratio NIc/NIb = 1.6.

We find that, in the absence of systematics, only N ∼ 50
(20) SNe Ibc would be required to distinguish the discrepancy
in 85% (50%) of trials given a difference in the median
metallicity of 0.2 dex (as suggested by Modjaz et al. 2011).
The combined sample includes N = [47, 68] SN [Ib,Ic]
metallicity measurements; N = [21, 29] of these come from
untargeted SN searches and therefore have substantially reduced
systematics (see Section 5.1). Therefore, the observations to
date should be sufficient to distinguish a median metallicity
difference of 0.2 dex between SNe Ib and Ic (even among
exclusively untargeted surveys), which is not supported by the
data in the combined sample. However, a much larger sample
of N ∼ 200 (100) observations of SN Ib and Ic would be
necessary to distinguish a median difference of 0.1 dex in
the progenitor distribution in 84% (50%) of trials. Therefore a
sample !2× as large as the combined sample would be required
to unambiguously distinguish a relatively subtle discrepancy of
0.1 dex.

The host environment metallicity measurements made for
34 untargeted Type II SNe by (Stoll et al. 2012; shown in
Figure 4) constitute an interesting proxy for the metallicity
distribution of the massive star progenitors of core-collapse
SNe. Applying the K-S test using all the untargeted objects
in the combined sample, we do not find a significant difference
between the metallicities of SN Ic and SN II (pKS = 0.52),
although there is a significant difference between SN II and
[Ib, Ic-BL] (pKS = [1 × 10−3, 8 × 10−4]). Combining all
the SN Ibc in our sample, we find that they have a median
metallicity 0.13 dex lower than the SNe II and the difference
in the full distribution is significant at pKS = 0.01. A higher
median metallicity for SNe II than Ibc would conflict with
several previous findings (e.g., Prieto et al. 2008; Boissier
& Prantzos 2009; Anderson et al. 2010; Kelly & Kirshner
2011) and would not be consistent with metal-line-driven winds
stripping the progenitors of SNe Ibc, unless combined with a
significantly more bottom-heavy initial mass function (IMF)
at low metallicities. This discrepancy may instead indicate
differences in sample construction. The relatively bright SNe Ic-
BL may be overrepresented in the combined sample relative to
a volume-limited survey (see Section 5.4), biasing the SN Ibc
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Long GRBs occur at even lower metallicity than SNe BL-Ic 
w/o GRBs (e.g., Modjaz et al. 2008; Graham & Fruchter et al. 2013)
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A Nearby Jet-Driven SNR?
 One  SN / 40 years                                        

 Two CC / 100 years                                      

One Type 1b/c  / 200 
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~300 known SNRs                                        
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Jet-Driven SNRs
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Two jet-driven SNRs
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How Do We Recognize Jet-Driven SNRs?

1.  Bipolar / jet structure
2.  Jets enhanced in heavy metals
3.  A nearby molecular cloud
4.  Dense circumstellar material and cavity
5.  Black holes or magnetars
6.  Nucleosynthesis differs from spherical CC SNe
7.  Kinematics



1. Bipolar / jet structure
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1. Bipolar / jet structure

How Do We Recognize Jet-Driven SNRs?



2. Jet should be enhanced in heavy metals
Results

We observed SN 2003jd in the nebular
phase with the Japanese 8.2-m Subaru telescope
on 12 September 2004 (19) using the Faint
Object Camera and Spectrograph (FOCAS)
(20), and with the 10-m Keck-I telescope on
19 October 2004 using the Low Resolution
Imaging Spectrograph (LRIS) (21). These
dates correspond to SN ages of È330 and
È370 days after explosion, respectively. In
both spectra (Fig. 2), the nebular line EO I^, at
wavelengths of 6300 and 6363 ), clearly has
a double-peaked profile with full width at
half maximum (FWHM) , 8000 km s–1. The
semiforbidden Mg I^ line at 4570 ) shows a
similar profile. Magnesium is formed near
oxygen in the progenitor star. The EFe II^
blend near 5100 ) is quite weak.

Late-phase emission is created by the re-
lease of the heat deposited by g rays and pos-
itrons, both of which are emitted in the decay
chain 56Ni Y 56Co Y 56Fe. Therefore, the
mass of 56Ni can be determined indirectly
through the strength of the emission lines. Be-
cause SN 2003jd was not as luminous as SN
1998bw, we rescaled the synthetic spectra to
the appropriate 56Ni mass, the best value for
which was È0.3 the mass of the Sun (MR).
This value is actually very similar to that derived
for the GRB/SN 2003dh (22, 23) and much
larger than in the non-GRB type Ic SNe (17).

We computed nebular spectra of two-
dimensional (2D) explosion models for various
asphericities and orientations (11). We found
that a spherical model produces a flat-topped
EO I^ profile, which is not compatible with ei-
ther SN 1998bw or SN 2003jd. The flat-topped
emission is a typical characteristic of emission
from a shell. Indeed, the emission from any
spherically distributed material should have a
maximum at the wavelength of the line tran-
sition between 6300 and 6363 ), taking into
account the line blending. On the other hand,
Fig. 3 shows that a highly aspherical model
can explain the EO I^ line profiles in both SN
1998bw and SN 2003jd. To reproduce the
double-peaked profile of the EO I^ line in SN
2003jd, we found that SN 2003jd must be ori-
ented a70- away from our line of sight. In con-
trast, for SN 1998bw, this angle was only È15-
to 30- (11), and it was even smaller for SN
2003dh (24). Less aspherical models do not
produce sufficiently sharp EO I^ in SN 1998bw.

This result confirms that SN 2003jd was a
highly aspherical explosion, and it raises the
interesting question of whether SN 2003jd was
itself a GRB/SN. A GRB was not detected in
coincidence with SN 2003jd (25).

If the explosion was very off-axis, we
presume that we would not have been able to
detect g rays. However, a GRB is expected to
produce a long-lived radiative output through
synchrotron emission. X-ray and radio emis-
sions are produced by the deceleration of the
relativistic jet as it expands into the wind
emitted by the progenitor star before it ex-

ploded. This afterglow emission is very weak
until the Doppler cone of the beam intersects
our line of sight, making off-axis GRB jets
directly detectable only months after the event,
and at long wavelengths.

SN 2003jd was observed in x-rays with
Chandra on 10 November 2004, about 30 days
after the explosion, and was not detected to an
x-ray limit LX e 3.8 ! 1038 erg s–1 in the
energy interval 0.3 to 2 keV (26). It was also
observed in the radio regime (8.4 GHz) 9 days
after the explosion, and again not detected to a
radio limit LR e 1027 erg s–1 Hz–1 (27).

These nondetections may suggest that SN
2003jd did not produce a GRB. However, ab-
sence of evidence is not necessarily evidence
of absence. Let us consider the standard jet
associated with typical GRBs, that is, a sharp-
edged uniform jet with E 0 1051 erg and a 5-
opening angle, expanding laterally at the local
sound speed (see Fig. 4 legend for other param-
eters) (28, 29). If the jet expands in a wind with
density Ṁ=v 0 5 ! 1011 g cmj1 (for exam-
ple, a mass-loss rate Ṁ 0 10j6 MR per year
and velocity v 0 2000 km s–1), it would give
rise to the x-ray and radio light curves shown
in Fig. 4. If the SN made a large angle (Q60-)
with respect to our line of sight, its associated
GRB jet, if present, would not have been de-
tected in the x-rays or radio. Furthermore, the
afterglow emission can be fainter for a lower
jet energy and/or for a lower wind density.

Although this does not by itself prove that
SN 2003jd produced a GRB, it is certainly a
possibility, because quantities such as the
ejected mass of 56Ni are comparable to those
typical of GRB/SNe (22). Moreover, our
observations confirm that the energetic SN
2003jd is an aspherical explosion, reinforcing
the case for a link with a GRB. It could also be
the case for other energetic type Ic SNe. The
lack of x-ray and radio emission does not place
stringent constraints on the intrinsic kinetic
energy carried by the SN as long as the ejecta
experience little deceleration before È30 days.
The expansion velocity (which need not be
isotropic) must be | 0.2 A*

–1/3 (ee/0.1)
–1/3c

(where ee is the fraction of the total blast en-
ergy that goes into shock-accelerated electrons,
A* is wind density (Ṁ=v), and c is the speed of
light) in order to produce LX (t , 30 days) e
3.8 ! 1038 erg s–1 for a standard 1051-erg SN
shell expanding into a wind with density A* 0
ðṀ=vÞ=ð5 ! 1011 g cmj1Þ 0 1 (28). The av-
erage expansion velocity along our line of
sight can be estimated from the early-time
spectra; for SN 2003jd, this is about 0.05c. In
an aspherical explosion, however, the kinetic
energy must be considerably larger near the
rotation axis of the stellar progenitor, with
bulk expansion velocities close to È0.1c.

The bright SN 2003jd is the first type Ic SN
that shows double peaks in the EO I^ line (12),
which suggests that the degree of asphericity is

Fig. 3. Nebular line profiles observed from an aspheri-
cal explosion model depend on the orientation. The
figure shows the properties of the explosion model
computed in 2D (11). Fe (colored in green and blue) is
ejected near the jet direction and oxygen (red) in a
disc-like structure on and near the equatorial plane.
Density contours (covering two orders of magnitude
and divided into 10 equal intervals in log scale) reflect
the dense disc-like structure. Synthetic [O I] 6300 and
6363 Å lines (red lines) computed in 2D are com-
pared with the spectra of SN 1998bw and SN 2003jd
(black lines).
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2. Jet should be enhanced in heavy metals

Silicon ChromiumSulfur Iron
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3. Near a molecular cloud / recent star formation

X-rays;  1.64 um [Fe II]; 
2.12 um (shocked H2)

Keohane et al. 2007

Gamma-ray Emission from SNR W49B 3

The Fermi Gamma-ray Space Telescope was launched on
June 11 2008. The Large Area Telescope (LAT) onboard
Fermi is composed of electron-positron pair trackers, featur-
ing solid state silicon trackers and cesium iodide calorimeters,
sensitive to photons in a very broad energy band (from 0.02 to
>300 GeV). The LAT has a large effective area (∼8000 cm2
above 1 GeV if on-axis), viewing∼2.4 sr of the full sky with a
good angular resolution (68 % containment radius better than
∼1◦ above 1 GeV). The tracker of the LAT is divided into
front and back sections. The front section (first 12 planes) has
thin converters to improve the PSF, while the back section (4
planes after the front section) has thicker converters to enlarge
the effective area. The angular resolution of the back events
is a factor of two worse than that of the front events at 1 GeV.
The LAT data used here were collected for about 17 months

from August 4 2008 to December 26 2009. The diffuse event
class was chosen and photons beyond the earth zenith angle
of 105◦ were excluded to minimize Earth albedo gamma rays.
Among the standard science analysis tools2, we utilized

gtlike for spectral fits and gtfindsrc to find a point source
location. With gtlike, an unbinned maximum likelihood fit
is performed on the spatial and spectral distributions of ob-
served gamma rays to optimize spectral parameters of the in-
put model taking into account the energy dependence of the
point spread function (PSF). On the other hand, gtfindsrc op-
timizes a point source location by finding the best likelihood
for different positions around an initial guess until the con-
vergence tolerance for a positional fit is reached. The P6_V3
instrument response functions were used for the analyses in
this paper. Details of the LAT instrument and data reduction
are described in Atwood et al. (2009).

3. ANALYSIS AND RESULTS
3.1. Detection and Source Localization

The LAT observation revealed significant (38σ) gamma-ray
emission from the direction of SNR W49B with 17 months
of data. Figure 1 shows LAT count maps in the vicinity of
SNR W49B in the 2–6 GeV and 6–30 GeV bands. Only front
events are used in the count map to achieve better angular
resolution. The effective LAT point-spread function (PSF) is
constructed using a spectral shape obtained through a maxi-
mum likelihood fit (gtlike) in the corresponding energy band
for each count map (see §3.3). The statistical and system-
atic uncertainties in the spectral shape do not noticeably af-
fect the PSF shape. A Spitzer near-infrared (5.8 µm) map,
which traces ionic shocks in the SNR, is overlaid on the count
maps56. Both count maps clearly suggest that gamma-ray
emission comes predominantly from the SNR W49B region,
not from a nearby star forming region, W49A. Comparisons
between gamma-ray distributions and LAT PSFs in both en-
ergy bands indicate that the observed gamma-ray emission
could be consistent with a point source.
In order to confirm the consistency with a point source, a

radial profile of the gamma rays from the above source lo-
cation is compared with that expected for a point source for
front events in 2–30 GeV band as shown in Figure 2. The
background, which is composed mainly of the Galactic dif-
fuse emission, is subtracted. No sign of spatial extension can
be seen in Figure 2.
To evaluate the consistency with a point source quantita-

tively, we compared the likelihood of the spectral fit for a
56 The IR data are available from NASA/IPAC Infrared Science Archive.

http://irsa.ipac.caltech.edu/data/SPITZER/GLIMPSE

point source and an elliptical shape (3′× 4′ in size; compat-
ible with the extent of the IR image as shown in Figure 1)
with a uniform surface brightness. Here, we assumed a bro-
ken power law function to model the source spectrum in the
fit (see §3.3 for details). The resulting likelihood was al-
most the same for both cases (difference of log likelihood was
∼ 3), which means the source emission is consistent with that
from a point source. Therefore, to simplify the analyses, the
gamma-ray source in the SNR W49B region is analyzed as
a point source in this paper. Assuming a point source, the
gamma-ray source position was found to be (α, δ)=(287.◦756,
9.◦096) with an error radius of 0.◦024 at 95% confidence level
using gtfindsrc, as indicated by the black circle in Figure 1.

FIG. 1.— Fermi LAT count map in the vicinity of SNR W49B in
units of counts per pixel. The pixel size is 0.◦01. The LAT localiza-
tion is represented by a black circle with a radius of 0.◦024 (95 %
confidence level) centered at (α, δ)=(287.◦756, 9.◦096). Cyan circles
represent radii of the effective LAT PSF at 75%, 50% and 25% of
the peak. Magenta and green contours indicate W49B and W49A
in the Spitzer IRAC 5.8 µm, respectively. (Top) The count map in
2–6 GeV is smoothed by a Gaussian kernel of σ = 0.◦2. (Bottom)
The count map in 6–30 GeV is smoothed by a Gaussian kernel of
σ = 0.◦1.

3.2. Evaluation of Galactic Diffuse Model
Since uncertainties associated with the underlying Galac-

tic diffuse emission are expected to be the largest system-
atic effects for spectral analyses of the W49B source, those
effects should be carefully evaluated. The uncertainties of
the Galactic diffuse emission are primarily due to the im-
perfection of the Galactic diffuse model and/or the contribu-
tions from unresolved point sources. As a first step of the
evaluation process, the position and energy dependences of

Fermi-LAT gamma rays
(2-6 GeV): Abdo et al.2010

How Do We Recognize Jet-Driven SNRs?



3. Near a molecular cloud / recent star formation
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Peak SFR ~ 7 Myr ago (M~30 Msun)
Peak SFR ~ 15 Myr ago (M~13 Msun)
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4. Dense circumstellar material and cavity

X-rays;  1.64 um [Fe II]; 
2.12 um (shocked H2)
Keohane et al. 2007

[Fe II] 20 cm
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5. Black hole (or magnetar) central compact object

< 3x1031 erg s-1
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Figure 7. Plot of total photon luminosity at infinity L∞ vs. age for nearby
neutron stars and predictions from models of neutron star cooling. The light
blue diamond is our upper limit for a neutron star in W49B; dark blue points are
detections and red triangles are upper limits, from Tsuruta et al. (2009). Shaded
curves are model predictions of Page et al. (2006) for neutron star cooling with
a heavy element envelope (dark gray), a maximum amount of light elements
(medium gray), and an intermediate amount of light elements (light gray). Our
upper limit for W49B (log L∞ ! 31.6) is 2–3 orders of magnitude below the
predictions for a 1000 year old source.
(A color version of this figure is available in the online journal.)

than those currently known and 2–4 orders of magnitude lower
than predictions of neutron star cooling models.

Furthermore, Gorham et al. (1996) searched for pulsations in
W49B using Arecibo, and they found no pulsations with periods
!0.5 ms down to flux densities of 1.2 mJy at 430 MHz across
the entire SNR. Finally, the spectrum of the bright gamma-ray
emission detected with Fermi-LAT from W49B is inconsistent
with it arising from a pulsar (Abdo et al. 2010). Given the
strict upper limits in the presence of a neutron star/pulsar, it is
reasonable to assume that the compact object produced in the
explosion might be a black hole.

Therefore, the morphological, spectral, and environmental
evidence supports a bipolar/jet-driven SN origin of W49B, and
it is the first SNR of this kind to be identified in the Milky
Way. Given that the estimated rate of these explosions is ∼1 per
103–104 years per galaxy (Lopez et al. 2011), it is feasible that
a few of the 274 currently known SNRs in the Galaxy (Green
2009) originate from this kind of SN.

In the future, this result can be verified two ways. If W49B was
a bipolar explosion, it should have copious intermediate-mass
elements produced through hydrostatic burning of a massive
star (such as O and Mg). While the high NH toward W49B
precludes detection of emission lines from these metals in
the optical and X-ray, we predict that emission features from
elements should be detectable at near-infrared wavelengths (as
observed in, e.g., Cassiopeia A; Gerardy & Fesen 2001). Second,
if W49B was jet driven, the metals in the central bar should
be moving at velocities greater than the more homogeneously
distributed, lower-Z plasma. Therefore, using spatially resolved,
high-resolution X-ray spectrometers like Astro-H (Takahashi
et al. 2010), one could measure the Doppler shifts of the jet
plasma and verify its higher speeds than other ejecta material.
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6. Nucleosynthesis is different than spherical CC SN

 
W49B: MFe ~ 0.80+/-0.60 Msun                                                          

0104-72.3: Ne/Fe ~ 3-4

➡ Nickel (iron) yields increase with asphericity, 
explosion energy and progenitor mass 

➡ Candidates have similar nickel yields:    
✴ 2003dh: ~0.25-0.45 Msun

✴ 2003lw: ~0.45-0.65 Msun

✴ 1998bw: ~0.20-0.70 Msun                                                  

References:  Woosley et al. 1999; Mazzali et al. 2003; Mazzali et 
al. 2006; Kaneko et al. 2007; Umeda & Nomoto 2008                                                          
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7. Kinematics: Fe faster than Si
How Do We Recognize Jet-Driven SNRs?
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How Do We Recognize Jet-Driven SNRs?

1.  Bipolar / jet structure
2.  Jets enhanced in heavy metals
3.  A nearby molecular cloud / star formation
4.  Dense circumstellar material and cavity
5.  Black holes or magnetars
6.  Nucleosynthesis differs from spherical CC SNe
7.  Kinematics

W49B: Satisfies #1-6
0104-72.3: Satisfies #1-3, 6

Identification of local analogs among the nearby SNR 
population would help to understand these explosions
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Table 7
Magnetar Associations and Distances

Name Proposed Associations SNR Age References Distance Measured To Reference z LX
a

(kyr) (kpc) (pc)

CXOU J010043.1−721134 SMC · · · 1 62.4(1.6) SMC 28 · · · 65
4U 0142+61 · · · · · · · · · 3.6(4) 0142+61 29 −27(3) 105
SGR 0418+5729 · · · · · · · · · ∼2 Perseus Arm 30 ∼180 0.00096
SGR 0501+4516 SNR HB 9b 4–7 2, 3 ∼2 Perseus Arm 31 ∼68 0.40
SGR 0526−66 LMC, SNR N49b, SL 463 ∼4.8 4–6 53.6(1.2) LMC 32 · · · 189
1E 1048.1−5937 GSH 288.3−0.5−28b · · · 7 9.0(1.7) 1048.1−5937 29 −82(15) 49
1E 1547.0−5408 SNR G327.24−0.13 · · · 8 4.5(5) 1547.0−5408 33 −10.3(1.1) 1.3
PSR J1622−4950 SNR G333.9+0.0 <6 9 ∼9 J1622−4950 34 ∼−16 0.44
SGR 1627−41 CTB 33, MC −71, SNR G337.0−0.1 · · · 10, 11 11.0(3) G337.0−0.1 11 −21.4(6) 3.6
CXOU J164710.2−455216 Westerlund 1 · · · 12 3.9(7) Westerlund 1 35 −29(5) 0.45
1RXS J170849.0−400910 · · · · · · · · · 3.8(5) J170849.0−400910 29 2.4(3) 42
CXOU J171405.7−381031 SNR CTB 37B 0.65+2.50

−0.30 13, 14 ∼13.2 CTB 37B 36 ∼86 56
SGR J1745−2900 Galactic Center · · · 15 ∼8.5 Galactic Center 37 ∼−7.0 <0.11
SGR 1806−20 W31, MC 13A, Star cluster · · · 16, 17 8.7+1.8

−1.5 Star cluster 38 −36.7+6.3
−7.6 163

XTE J1810−197 · · · · · · · · · 3.5+0.5
−0.4 J1810−197 39 −9.7+1.1

−1.4 0.043

Swift J1822.3−1606 M17 · · · 18 1.6(3) M17 18 −28.5(5.3) <0.0077
SGR 1833−0832 · · · · · · · · · · · · · · · · · · ∼3.6 <2.4
Swift J1834.9−0846 SNR W41 ∼100 19, 20 4.2(3) W41 40 −25(2) <0.0084
1E 1841−045 SNR Kes 73 0.5–1 21, 22 8.5+1.3

−1.0 Kes 73 22 −0.97+0.11
−0.15 184

SGR 1900+14 Star cluster · · · 23 12.5(1.7) Star cluster 41 167(23) 90
1E 2259+586 SNR CTB 109 14(2) 24, 25 3.2(2) CTB 109 42 −55.6(3.5) 17

SGR 1801−23 · · · · · · · · · · · · · · · · · · ∼12 · · ·
SGR 1808−20 · · · · · · · · · · · · · · · · · · ∼−45 · · ·
AX J1818.8−1559 · · · · · · · · · · · · · · · · · · ∼−44 20
AX 1845.0−0258 SNR G29.6+0.1 <8 26 ∼8.5 Scutum Arm 43 ∼16 2.9
SGR 2013+34 W58 · · · 27 ∼8.8 W58 27 ∼−16 · · ·

Notes.
a 2–10 keV X-ray luminosity in units of 1033 erg s−1. No uncertainties have been included.
b The proposed association with this source has been disputed.
References. (1) Lamb et al. 2002; (2) Gaensler & Chatterjee 2008; (3) Leahy & Tian 2007; (4) Cline et al. 1982; (5) Klose et al. 2004; (6) Park et al. 2012; (7) Gaensler
et al. 2005; (8) Gelfand & Gaensler 2007; (9) Anderson et al. 2012; (10) Woods et al. 1999; (11) Corbel et al. 1999; (12) Muno et al. 2006; (13) Nakamura et al.
2009; (14) Halpern & Gotthelf 2010b; (15) Mori et al. 2013; (16) Fuchs et al. 1999; (17) Corbel & Eikenberry 2004; (18) Scholz et al. 2012; (19) Tian et al. 2007;
(20) Kargaltsev et al. 2012; (21) Vasisht & Gotthelf 1997; (22) Tian & Leahy 2008; (23) Vrba et al. 2000; (24) Fahlman & Gregory 1981; (25) Sasaki et al. 2013;
(26) Gaensler et al. 1999; (27) Sakamoto et al. 2011; (28) Haschke et al. 2012b; (29) Durant & van Kerkwijk 2006a; (30) van der Horst et al. 2010; (31) Lin et al.
2011; (32) Haschke et al. 2012a; (33) Tiengo et al. 2010; (34) Levin et al. 2010; (35) Kothes & Dougherty 2007; (36) Tian & Leahy 2012; (37) Shannon & Johnston
2013; (38) Bibby et al. 2008; (39) Minter et al. 2008; (40) Leahy & Tian 2008b; (41) Davies et al. 2009; (42) Kothes & Foster 2012; (43) Torii et al. 1998.

3.1. Spatial Properties

Figure 2 shows a top–down view of the Galactic plane with
the Galactic center at coordinate (0,0). The grayscale is the dis-
tribution of free electrons from the model of Cordes & Lazio
(2002) and delineates the approximate locations of the spiral
arms. Galactic disk radio pulsars from the ATNF catalog4 are
denoted with blue dots. The so-called X-ray isolated neutron
stars (XINSs; see Kaspi et al. 2006; Haberl 2007; Kaplan 2008
for reviews) are shown in yellow and are, without exception,
very close to the Sun. The magnetars are shown as red cir-
cles, with their estimated distance uncertainties indicated. Note
the magnetar SGR J1745−2900, whose location is consistent
with the Galactic center. This plot clearly indicates the prepon-
derance of magnetars in the direction of the inner Galaxy, but
with several notable exceptions in the outer Galaxy. The lack
of clustering around the solar system of magnetars, particularly
compared with the known radio pulsar population, suggests that
fewer selection effects exist in the known magnetar population,
apart from selection for bursting, particularly in the Swift and
Fermi eras.

4 http://www.atnf.csiro.au/research/pulsar/psrcat/, version 1.47

Figure 3 presents histograms of the distribution of ATNF
Galactic radio pulsars and magnetars in Galactic longitude, l.
The radio pulsars are color-coded for age as indicated, and
the magnetars are indicated by the hatched red region. As
surmised from Figure 2, the known Galactic magnetars are more
concentrated in the inner Galaxy, which is not a mere selection
effect, again given the all-sky nature of the burst detectors.
While selection effects in radio pulsar surveys may hinder the
detection of the youngest objects in the very inner Galaxy,
where multipath scattering is important (Rickett 1990), we can
nevertheless compare the l distributions of the magnetars and
young radio pulsars using a Kolmogorov–Smirnov (K-S) test to
see if they are consistent with having been drawn from the same
distribution. For radio pulsars having τ < 10 kyr, we find a K-S
probability of the null hypothesis of p = 0.14, and likewise
we also find p = 0.14 for τ < 100 kyr. Hence, we cannot
exclude the fact that the two distributions are consistent with
being drawn from the same underlying distribution.

Figure 4 presents histograms of the distribution of ATNF
Galactic disk radio pulsars and magnetars in Galactic latitude,
b, in degrees, with a zoom-in to the most populated region in
order to better highlight the magnetars that are relatively few
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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
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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.
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Hot gas electron density nX and

Hot Gas Heated by SNe/Winds PX = 2nXkTX X-ray temperature TX from
X-ray spectral modeling
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NuSTAR: Nuclear Spectroscope Array
Launched 13 June 2012

First focusing hard (3-79 keV) X-ray telescope in orbit
The Astrophysical Journal, 770:103 (19pp), 2013 June 20 Harrison et al.

Figure 1. Diagram of the observatory in the stowed (bottom) and deployed (top)
configurations.
(A color version of this figure is available in the online journal.)

Table 1
NuSTAR Mission Parameters

Mission Parameter Value

Mass 350 kg
Power 600 W
Orbit Low Earth, 650 × 610 km
Orbit inclination 6◦

Orbit lifetime ∼10 yr

anti-coincidence shield reduces background above 10 keV, so
that overall the instrument detection threshold represents more
than two orders of magnitude improvement over collimated or
coded aperture instruments that have flown in this band. Table 2
summarizes the key performance parameters.

3. NuSTAR OBSERVATORY AND MISSION DESIGN

The NuSTAR observatory is pointed at predetermined loca-
tions on the sky by a three-axis stabilized spacecraft based on
Orbital Science’s LEOStar bus. NuSTAR is designed for long
observations (1 day—weeks in duration). The observatory does
not re-orient during periods of Earth occultation, and for a typ-
ical celestial source (55◦ > δ > −55◦) the observing efficiency
is 55%, including occultations and SAA passages; sources at
high latitudes can be observed with close to 90% efficiency.

A four-head star camera system, the Technical University of
Denmark’s µASC (Jorgensen et al. 2004), is used to determine
both instrument and spacecraft attitude. Three of the four units
are mounted on or near the spacecraft bus and are combined
with other spacecraft sensors to provide attitude control and
determination. The fourth unit, mounted to the instrument optics
bench, is combined with a laser metrology system to determine
instrument pointing and alignment (Section 5.4). As a result of
the multi-head tracker design and the lack of thermal constraints,
NuSTAR can perform science observations at any given time
over more than 80% of the sky. For science targets the primary
restrictions are a cone of 39◦ around the Sun and 14◦ around the

Figure 2. Effective collecting area of NuSTAR compared to selected operating
focusing telescopes. For consistency, the CCD imagers on Chandra, XMM,
and Suzaku are used for comparison. For Suzaku, the area reflects that of four
imaging modules, with the current area being lower due to loss of one backside-
illuminated detector plane. NuSTAR provides good overlap with these soft X-ray
observatories and extends focusing capability up to 79 keV.
(A color version of this figure is available in the online journal.)

full Moon, with other small regions excluded by the requirement
that one spacecraft star tracker be available at all times. NuSTAR
can point closer to (or even at) the Sun and Moon; however,
pointing reconstruction is degraded due to the lack of availability
of the optics bench star camera.

NuSTAR was designed such that one side of the observatory
always faces the Sun, and pointing to a celestial target is achieved
by rotating the observatory about the Sun–Earth vector. This
allows the use of a solar array with a single axis of rotation and
simplifies the thermal design. As a consequence, the observatory
position angle is restricted to 0◦–10◦ from the Sun at any given
point in the year, so that the position angle for a particular target
depends on when during the year it is observed. Science target
observations are generally performed in an inertial pointing
mode, which keeps the position angle fixed. A small slew is
performed every few days to keep the solar array optimally
pointed at the Sun.

4. THE NuSTAR SCIENCE INSTRUMENT

The two co-aligned hard X-ray grazing incidence telescopes
form the core of the NuSTAR instrument. The two optics modules
are mounted, along with one of the star tracker heads, to a
composite, thermally stable bench (see Figure 1). The shielded
focal plane modules are mounted to an aluminum structure that
is attached to the spacecraft. The two benches are separated by a
mast, which was deployed after launch. The mast consists of 57
rectangular structures made stiff after deployment by diagonal
cables that latch as the system is deployed (see Figure 3).
Due to thermal conditions that vary over an orbit and with
aspect angle relative to the Sun, the alignment of the optics
and focal plane benches changes in translation, tip, tilt, and
relative rotation during an observation. These changes move
the location of the optical axis and also the X-ray spot on the
detector by about 3 mm (1′) each. This changes the alignment
and vignetting functions as a function of time. A laser metrology
system, combined with the optics-bench-mounted star tracker,
measure the varying translation, tilt and rotation of the optics
relative to the detectors. These measurements are combined
during data processing on the ground to remove image blurring

3

The Astrophysical Journal, 770:103 (19pp), 2013 June 20 Harrison et al.

Figure 1. Diagram of the observatory in the stowed (bottom) and deployed (top)
configurations.
(A color version of this figure is available in the online journal.)

Table 1
NuSTAR Mission Parameters

Mission Parameter Value

Mass 350 kg
Power 600 W
Orbit Low Earth, 650 × 610 km
Orbit inclination 6◦

Orbit lifetime ∼10 yr

anti-coincidence shield reduces background above 10 keV, so
that overall the instrument detection threshold represents more
than two orders of magnitude improvement over collimated or
coded aperture instruments that have flown in this band. Table 2
summarizes the key performance parameters.

3. NuSTAR OBSERVATORY AND MISSION DESIGN

The NuSTAR observatory is pointed at predetermined loca-
tions on the sky by a three-axis stabilized spacecraft based on
Orbital Science’s LEOStar bus. NuSTAR is designed for long
observations (1 day—weeks in duration). The observatory does
not re-orient during periods of Earth occultation, and for a typ-
ical celestial source (55◦ > δ > −55◦) the observing efficiency
is 55%, including occultations and SAA passages; sources at
high latitudes can be observed with close to 90% efficiency.

A four-head star camera system, the Technical University of
Denmark’s µASC (Jorgensen et al. 2004), is used to determine
both instrument and spacecraft attitude. Three of the four units
are mounted on or near the spacecraft bus and are combined
with other spacecraft sensors to provide attitude control and
determination. The fourth unit, mounted to the instrument optics
bench, is combined with a laser metrology system to determine
instrument pointing and alignment (Section 5.4). As a result of
the multi-head tracker design and the lack of thermal constraints,
NuSTAR can perform science observations at any given time
over more than 80% of the sky. For science targets the primary
restrictions are a cone of 39◦ around the Sun and 14◦ around the

Figure 2. Effective collecting area of NuSTAR compared to selected operating
focusing telescopes. For consistency, the CCD imagers on Chandra, XMM,
and Suzaku are used for comparison. For Suzaku, the area reflects that of four
imaging modules, with the current area being lower due to loss of one backside-
illuminated detector plane. NuSTAR provides good overlap with these soft X-ray
observatories and extends focusing capability up to 79 keV.
(A color version of this figure is available in the online journal.)

full Moon, with other small regions excluded by the requirement
that one spacecraft star tracker be available at all times. NuSTAR
can point closer to (or even at) the Sun and Moon; however,
pointing reconstruction is degraded due to the lack of availability
of the optics bench star camera.

NuSTAR was designed such that one side of the observatory
always faces the Sun, and pointing to a celestial target is achieved
by rotating the observatory about the Sun–Earth vector. This
allows the use of a solar array with a single axis of rotation and
simplifies the thermal design. As a consequence, the observatory
position angle is restricted to 0◦–10◦ from the Sun at any given
point in the year, so that the position angle for a particular target
depends on when during the year it is observed. Science target
observations are generally performed in an inertial pointing
mode, which keeps the position angle fixed. A small slew is
performed every few days to keep the solar array optimally
pointed at the Sun.

4. THE NuSTAR SCIENCE INSTRUMENT

The two co-aligned hard X-ray grazing incidence telescopes
form the core of the NuSTAR instrument. The two optics modules
are mounted, along with one of the star tracker heads, to a
composite, thermally stable bench (see Figure 1). The shielded
focal plane modules are mounted to an aluminum structure that
is attached to the spacecraft. The two benches are separated by a
mast, which was deployed after launch. The mast consists of 57
rectangular structures made stiff after deployment by diagonal
cables that latch as the system is deployed (see Figure 3).
Due to thermal conditions that vary over an orbit and with
aspect angle relative to the Sun, the alignment of the optics
and focal plane benches changes in translation, tip, tilt, and
relative rotation during an observation. These changes move
the location of the optical axis and also the X-ray spot on the
detector by about 3 mm (1′) each. This changes the alignment
and vignetting functions as a function of time. A laser metrology
system, combined with the optics-bench-mounted star tracker,
measure the varying translation, tilt and rotation of the optics
relative to the detectors. These measurements are combined
during data processing on the ground to remove image blurring
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Angular resolution: 18” PSF (FWHM)
Spectral resolution: 400 eV at 10 keV; 900 eV at 60 keV
Two identical 2x2 arrays with 12’ FOV



SN 1987A: 2.1 Ms (Boggs et al. 2015)
Cassiopeia A: 2.4 Ms (Grefenstette et al. 2014, 2015)

G1.9+0.3: 350 ks (Zoglauer et al. 2014)
Tycho: 750 ks (Lopez et al. 2015)
Kepler: 250 ks (+250 ks soon)

G21.5-0.9: 280 ks (Nynka et al. 2014)
MSH 15-52: 130 ks (An et al. 2014)
Crab: 60 ks (Madsen et al. 2015)

In its first two years, NuSTAR observed SNRs for ~6.3 Ms

NuSTAR Study of SNRs



Symmetry of Metals

Ti-44 is an alpha-rich freeze-out product, sensitive to    
mass cut, explosion asymmetry, and ejecta velocities 
(Timmes et al. 1996; Woosley et al. 2012) 

t1/2 = 58.9 yrs, mean lifetime = 85 yrs (Ahmad et al. 2006)

Observable lines at 68, 78, and 1157 keV Page 40 of 120 Astron Astrophys Rev (2012) 20:49

Fig. 15 The decay chain of
44Ti with the indicated
channels, electron capture (EC)
and beta-decay

Comptel observations of the bright Type Ia supernova SN 1991T (Morris et al. 1997),
which had a distance of about 13.5 Mpc.

Apart from γ -ray line emission, the decay chain of 44Ti also results in hard X-ray
line emission at 67.9 keV and 78.4 keV, which are caused by the nuclear de-excitation
of 44Sc (Fig. 15). This line emission, and the 1157 keV γ -ray line of 44Ca, have
been detected for the young SNR Cas A (Sect. 9.1) with the CGRO-Comptel, Beppo-
SAX-PDS, and INTEGRAL-IBIS instruments (respectively, Iyudin et al. 1994; Vink
et al. 2001; Renaud et al. 2006b). The flux per line of (2.5 ± 0.3) 10−5 cm s−1cm−3

implies a rather large 44Ti yield of (1.6 ± 0.3) 10−4 M⊙ (Renaud et al. 2006b). This
yield is comparable to what has been inferred for SN 1987A, based on the late time
light curve of SN 1987A (Jerkstrand et al. 2011). A 44Ti detection was also reported
for the SNR RX J0852-4622 (“Vela jr”), based on measurements of the 1157 keV
line with CGRO-Comptel (Iyudin et al. 1998). But INTEGRAL-IBIS measurements
of the 68 keV and 78 keV lines are inconsistent with this detection (Renaud et al.
2006a).

The radioactive processes in the decay chains of 56Ni, 57Ni and 44Ti are electron
capture (EC) or beta-decay (e+ in Table 1). The beta-decay process is a source of
positrons and may be partially responsible for the 511 keV electron–positron anni-
hilation line emission from the Galaxy (Prantzos et al. 2011). Most of the positrons
released by the decay of 56Co probably do not survive the supernova phase, but in the
subsequent SNR phase not many positrons may annihilate due to the low densities
and high plasma temperature. No 511 keV line emission has yet been detected from
a SNR (Kalemci et al. 2006; Martin et al. 2010).

Apart from nuclear decay line emission, radioactivity also gives rise to X-ray line
emission. The reason is that electron-captures results in a daughter product with a
vacancy in the K-shell. This vacancy may result in a K-shell transition that could be
detected using more sensitive future X-ray telescopes such as IXO/ATHENA (Book-
binder 2010). Leising (2001) lists in total 17 radioactive elements, but the most
promising of them are 55Fe (→55Mn, τ = 3.9 yr, Kα energy 5.888 & 5.899 keV),
44Ti (→44Sc, τ = 85 yr, 4.086 & 4.091 keV), 59Ni (→59Co, τ = 108 kyr, 6.915 &
6.930 keV) , and 53Mn (→53Cr, τ = 5.4 Myr, 5.405 & 5.415 keV).

For SNRs, Kα line emission of 44Ti and 59Ni is of particular interest, since the
decay times are compatible with the lifetimes of SNRs. For 44Ti the K-shell transi-
tions form a complement to the nuclear decay line emission. The advantage of the
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Titanium in Core-Collapse SNRs

  

Cas A:  update on 44Ti

Left: Green, Si; red, Fe (both Chandra); blue, 65 – 70 keV 
(containing 68 keV line of 44Ti).  Right:  Ti only.
 
44Ti line: nuclear decay, independent of electron density or temperature. Image is column 
density map.  X-ray lines: from shock-heated gas

Inner circle: reverse shock location.  Most 44Ti is within reverse shock (where Fe would 
not be visible in X-rays).  But beyond there, still poor Ti/Fe correlation.

1.  If Ti tracks overall ejecta, much ejecta mass is not yet reverse-shocked
2.  Poor Ti/Fe correlation is hard to understand with current SN/nucleosynthesis physics

with added data: total 2.4 MsOriginal 1.2 Ms exposure (Grefenstette et al. 2014, Nature, 506, 339)

  

Cas A:  update on 44Ti

Left: Green, Si; red, Fe (both Chandra); blue, 65 – 70 keV 
(containing 68 keV line of 44Ti).  Right:  Ti only.
 
44Ti line: nuclear decay, independent of electron density or temperature. Image is column 
density map.  X-ray lines: from shock-heated gas

Inner circle: reverse shock location.  Most 44Ti is within reverse shock (where Fe would 
not be visible in X-rays).  But beyond there, still poor Ti/Fe correlation.

1.  If Ti tracks overall ejecta, much ejecta mass is not yet reverse-shocked
2.  Poor Ti/Fe correlation is hard to understand with current SN/nucleosynthesis physics

with added data: total 2.4 MsOriginal 1.2 Ms exposure (Grefenstette et al. 2014, Nature, 506, 339)

Si Fe Ti
Grefenstette et al. 2014

Titanium is located mostly inside of reverse shock 
Titanium is not spatially correlated with Fe

Ti

1. If Ti tracks ejecta, most ejecta must not be shocked yet
2. Lack of Ti/Fe correlation not predicted by models



Fig. 1. SN1987A 50-80 keV background-subtracted spectrum measured with NuSTAR. Data 
from both telescopes are combined (for presentation only) and shown with 1σ error bars. Both of 
the 44Ti lines are clearly measured. The vertical blue lines are the rest-frame energies of the 44Ti 
lines (67.86 and 78.36 keV). The redshift is evident in both lines, indicating the asymmetry of 
the explosion. Also shown is the best-fit model for Case (1), where the fitting parameters for the 
two lines are tied together (supplementary materials). 
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Figure 1: The broadband hard X-ray spectrum of Cassiopeia A.  Data from both 

telescopes over all epochs are combined and shown as the grey data points with 1-σ error 

bars. The spectra are shown combined and rebinned for plotting purposes only.  Also 

Boggs et al. 2015
Grefenstette et al. 2014

SN 1987A Cassiopeia A

M44 = (1.6+-0.4)x10-4 Msun

v = 700+-500   km s-1

M44 = (1.3+-0.3)x10-4 Msun

v = 1950+-950 km s-1

M44 scales with asymmetry of explosions 
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Titanium in Type Ia SNRs

F < 1.5x10-5 ph cm-2 s-1

R.A. (J2000) in degree

D
ec

. (
J2

00
0)

 in
 d

eg
re

e

-27.185

-27.18

-27.175

-27.17

-27.165

-27.16

-27.155

-27.15

267.17267.175267.18267.185267.19267.195267.2267.205267.21

R.A. (J2000) in degree

D
ec

. (
J2

00
0)

 in
 d

eg
re

e

-27.185

-27.18

-27.175

-27.17

-27.165

-27.16

-27.155

-27.15

267.17267.175267.18267.185267.19267.195267.2267.205267.21

Fig. 4.— Deconvolved NuSTAR image of G1.9+0.3 in the energy range from 3-8 keV (left) and 8-20 keV
(right). Contours of a Chandra image in the energy range from 3-8 keV are superimposed on both.

3.3. Discussion

In summary, given the angular resolution of
NuSTAR along with the statistics of this observa-
tion, no significant differences between the emis-
sion in the 3 to 8 keV and in the 8 to 20 keV band
can be found either in the deconvolved images or
in a profile of the remnant. This is a strong indica-
tion that the same processes at the same locations
are responsible for the generation of the soft and
the hard X-ray emission.

4. Spectral properties

4.1. Analysis

NuSTAR’s excellent high-energy response al-
lows for the first time to directly measure the
high-energy tail of the synchrotron X-ray emis-
sion of G1.9+0.3. However, in order to correctly
retrieve the low-energy foreground absorption, we
still need to perform a combined fit using Chandra
and NuSTAR data. Three long Chandra observa-
tions (IDs 12691, 12692, 12694) were chosen for
the fit with a combined effective exposure time of
505 ks. While it is preferred to use Wilms (2000)
abundances in combination with NuSTAR data,
those do not give the best fit for the Chandra data.
Reynolds et al. (2009) showed that the abundances
from Grevesse & Sauval (1998) reproduce the mea-
sured spectra best and are therefore used here.
Due to the complicated background conditions, we

only fit up to an energy of 30 keV in order to stay
in the range where the source photons still domi-
nate over the background for the whole SNR.

The very high column density means that dust
scattering in the Chandra band scatters photons
from bright source regions into fainter ones and
beyond the source boundaries altogether. These
effects were accounted for in Reynolds et al. (2009)
in an approximate way, resulting in changes to de-
rived quantities of up to 50% in NH and νrolloff
and 0.15 in α. While dust scattering should not be
important over the NuSTAR energy range above
about 8 keV, the joint fitting will include system-
atic effects at that level.

The first task is to reproduce and possibly ex-
tend the Reynolds et al. (2009) Chandra results
(those ignoring the dust scattering effect) by fit-
ting the NuSTAR and Chandra data with the ex-
ponentially cut-off synchrotron model srcut. This
model describes the emission as originating from
a single power-law distribution of electrons with
an exponential cutoff. Figure 5 shows that the
srcut model gives an excellent fit (reduced χ2 of
1.06) over the whole energy band from 0.5 to 30
keV. The determined absorption,NH =7.23+0.07

−0.07×

1022cm−2 is slightly above the Reynolds (2009)
value (NH =6.76+0.40

−0.39 × 1022cm−2), the spectral

index, α = 0.630+0.0027
−0.0029 (vs. α = 0.649+0.024

−0.024) and
the roll-over frequency of ν = 3.06+0.18

−0.18 × 1017 Hz
(vs. ν = 5.4+4.8

−2.4× 1017 Hz) are at the lower end of
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synthesized in Type Ia SNe is uncertain and depends
on both the progenitor systems as well as the ignition
processes. Simulations predict 44Ti masses ranging from
⇠10�6M� in centrally ignited pure deflagration models
and <

⇠ 6⇥10�5M� for o↵-center delayed detonation mod-
els (e.g., Iwamoto et al. 1999; Maeda et al. 2010). In
sub-Chandrasekhar models, greater 44Ti yields are ex-
pected, with estimates of >

⇠ 10�3M� (e.g., Fink et al.
2010; Woosley & Kasen 2011; Moll & Woosley 2013).
In this paper, we present hard X-ray images and spa-

tially resolved spectra from a set of NuSTAR observa-
tions of Tycho totaling ⇠750 ks. Launched in 2012, NuS-
TAR is the first satellite to focus at hard X-ray energies
of 3–79 keV (Harrison et al. 2013). The primary scien-
tific motivation of our observing program was to map
and characterize the non-thermal X-ray emission in Ty-
cho and to detect or constrain the spatial distribution of
44Ti. The paper is outlined as follows. In Section 2, we
describe the data reduction and analysis procedures. In
Section 3.1, we present the composite narrow-band NuS-
TAR images of the hard X-ray emission in Tycho, and
in Section 3.2, we exploit NuSTAR images to set upper
limits on the presence of 44Ti. In Section 3.3, we report
the results from a systematic spatially resolved spectro-
scopic analysis across the SNR. In Section 4, we discuss
the implications of our results, specifically related to the
particle acceleration properties of Tycho (in Section 4.1)
and to 44Ti searches in young SNRs (in Section 4.2). We
summarize our conclusions in Section 5.

2. OBSERVATIONS AND DATA ANALYSIS

Tycho was observed by NuSTAR three times from
April–July 2014, as listed in Table 1, with a total net
integration of 748 ks. We reduced these data using
the NuSTAR Data Analysis Software (NuSTARDAS)
Version 1.3.1 and NuSTAR CALDB Version 20131223.
We performed the standard pipeline data processing
with nupipeline, with the stricter criteria for the pas-
sages through the South Atlantic Anomaly (SAA) and
the “tentacle”-like region near the SAA to reduce back-
ground uncertainties.
Using the resulting cleaned event files, we produced

images of di↵erent energy bands using the FTOOL xse-
lect and generated associated exposure maps using nuex-
pomap. As Tycho is a bright, extended source, we opted
to model the background and produce synthetic, energy-
dependent background images for background subtrac-
tion. We followed the procedure detailed in Wik et al.
(2014) and Grefenstette et al. (2014) to estimate the
background components and their spatial distribution.
Subsequently, we combined the vignetting- and exposure-
corrected FPMA and FPMB images from all epochs us-
ing ximage.
The combined images were then deconvolved by the

on-axis NuSTAR point-spread function (PSF) using the
max likelihood AstroLib IDL routine. We have assumed
the noise can be characterized by a Poisson distribution,
and the script employs Lucy-Richardson deconvolution,
an iterative procedure to derive the maximum likelihood
solution. We set the maximum number of iterations to
50, as more iterations did not lead to any significant
changes in the resulting images.
We performed spatially resolved spectroscopic analy-

TABLE 1
NuSTAR Observation Log

ObsID Exposure UT Start Date

40020001002 339 ks 2014 April 12
40020011002 147 ks 2014 May 31
40020001004 262 ks 2014 July 18

Fig. 1.— Deconvolved, background-subtracted NuSTAR image
from the combined ⇠750 ks observation of Tycho, where red is
6–7 keV (which is dominated by Fe line emission) and blue is 10–
20 keV. The SNR is ⇠90 in diameter. In this and all subsequent
images, north is up, and east is left.

ses by extracting and modeling spectra from locations
across the SNR. Using the nuproducts FTOOL, we ex-
tracted source spectra and produced ancillary response
files (ARFs) and redistribution matrix files (RMFs) from
each of the three observations and both the A and B mod-
ules (3 ObsIDS⇥ 2 modules = 6 spectra per region). Fur-
thermore, we utilized the nuskybgd routines (presented in
detail in Wik et al. 2014) to simulate the associated back-
ground spectra. We employed the addascaspec FTOOL
to combine the six source pulse-height amplitude (PHA)
files, ARFs, and background PHA files associated with
each region. The six RMFs were added using the addrmf
FTOOL. As discussed by Grefenstette et al. (2015), the
addition of spectra from di↵erent observations leads to
systematic e↵ects of order a few percent in the best-fit
normalizations of the spectra.
For comparison to the NuSTAR data, we analyzed

archival Chandra and National Radio Astronomy Obser-
vatory (NRAO) Very Large Array (VLA) observations
of Tycho. The Chandra Advanced CCD Imaging Spec-
trometer (ACIS) observed Tycho in April 2009 for a total
integration of 734 ks (Eriksen et al. 2011). Reprocessed
data were downloaded from the Chandra archive (ObsIDs
10093–10097, 10902–10906), and composite exposure-
corrected images were produced of the 4–6 keV contin-
uum using the flux image command in the Chandra In-
teractive Analysis of Observations (ciao) software Ver-
sion 4.6. The VLA observed Tycho at 1.505 GHz on 10

Tycho

Fe 10-20 keV
Lopez et al. 2015

F < 2x10-5 ph cm-2 s-1

M44 < 2x10-4 MsunM44 < 5x10-5 Msun
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Fig. 2.— Deconvolved, background-subtracted NuSTAR images of three hard energy bands: 8–10 keV (left), 10–20 keV (middle), and
20–40 keV (right). White contours on right panel are from the 10–20 keV band to guide the eye.

Fig. 3.— Left: Three-color image, with 4–6 keV Chandra data in red, 8–10 keV deconvolved NuSTAR data in green, and 10–20 keV
deconvolved NuSTAR data in blue. The hardest X-rays are brightest in the west of the SNR and coincide with the non-thermal X-ray
“stripes” (denoted by the large red rectangle) seen in the deep Chandra data and analyzed by Eriksen et al. (2011). The small rectangle
corresponds to the “hook” of non-thermal emission described in the text. Right: Three-color image, with 4–6 keV Chandra data in red,
10–20 keV deconvolved NuSTAR data in green, and 20-cm VLA data in blue.

July 2001 in the C configuration for 174 minutes (pro-
gram AR464, PI: Reynoso). The reduced image, with a
beam size of 15.800 by 13.500, was downloaded from the
NRAO/VLA image archive.

3. RESULTS

3.1. NuSTAR Imaging

Figures 1 and 2 show the deconvolved, background-
subtracted NuSTAR images of Tycho from the combined
⇠750 ks observation in several energy bands. NuSTAR
successfully resolved the “flu↵y” Fe-rich ejecta in Tycho,
and the non-thermal X-rays are detected up to energies of
⇠40 keV. The hard (>8 keV) X-rays are predominantly
distributed around the rim of the SNR, with the peak at
the location of the “stripes” identified in Chandra obser-
vations (see Figure 3 for a comparison).
In the right panel of Figure 3 we compare the 20-cm ra-

dio morphology seen by the VLA to the 4–6 keV Chandra
and 10–20 keV NuSTAR images. The radio emission is

8 https://science.nrao.edu/facilities/vla/archive/index

distributed in a ring interior to the narrow, non-thermal
filaments at the SNR periphery found by Chandra. Gen-
erally, the bright, hard X-ray knots detected by NuSTAR
do not coincide with the radio emission. Overall, we
find that the Chandra and NuSTAR images have similar
morphologies up to ⇠20 keV. The hardest X-rays (20–40
keV) are concentrated around the stripes, as well as near
a “hook” in the southwest of the SNR (denoted by the
small red rectangle in Figure 3).
We also convolved the Chandra 4–6 keV image with a

Gaussian to match the resolution of the NuSTAR data,
and the comparison of the result to the 10–20 keV NuS-
TAR data is shown in Figure 4. As the 10–20 keV
emission is almost exclusively non-thermal, the locations
where the 4–6 keV emission is coincident reveals the lat-
ter is also non-thermal in nature. The converse scenario
(where 4–6 keV emission is found without 10–20 keV
emission) indicates the softer band may be dominated
by thermal emission. We find that the 4–6 keV emis-
sion is largely coincident with the harder band, except in
the northwest, where previous X-ray studies have found

8-10 keV 10-20 keV 20-40 keV

Chandra 4-6 keV

Lopez et al. 2015

Eriksen et al. 2011

Using Hard X-rays to Probe Particle Acceleration
Tycho’s SNR
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Fig. 6.— The black, red, and green histograms shows the 90%
upper limits as a function of radius Tycho for half width at half
maxima of 0.1, 1, and 3 keV. For comparison, the detection limits
of COMPTEL (2-�: Dupraz et al. 1997; Iyudin et al. 1999) and of
INTEGRAL (3-�: Renaud et al. 2006a) are also shown. We have
included the 90% confidence range quoted by Troja et al. (2014)
using Swift/BAT. All fluxes were converted to epoch 2014 fluxes
(see the text for details).

is excluded unless the surface brightness of 44Ti is homo-
geneously distributed with a radius of >

⇠ 2.50.

3.3. Spatially Resolved Spectroscopy with NuSTAR

We performed spatially resolved spectroscopic analyses
by extracting and modeling spectra from sixty-six 10 by
10 boxes across the SNR (see Figure 7). To evaluate the
non-thermal emission, we fit the spectra in the 10–50
keV range with an absorbed srcut model. In our fits, we
have fixed the absorbing column to NH = 7⇥ 1021 cm�2

(Eriksen et al. 2011), and we have grouped the spectra
to a minimum of 30 counts bin�1.
The srcut model describes the spectrum as that ra-

diated by a power-law energy distribution of electrons
with an exponential cuto↵ at energy Emax (Reynolds
& Keohane 1999). That spectrum cuts o↵ roughly as
exp(�

p
⌫/⌫rollo↵) (though the fitting uses the complete

expression). The rollo↵ photon energy Erollo↵ = h⌫rollo↵
is related to the maximum energy of the accelerated elec-
trons Emax by

Emax = 120

✓
h⌫rollo↵
1 keV

◆1/2✓ B

µG

◆�1/2

TeV (1)

where B is the magnetic field strength.
In XSPEC, the srcut model is characterized by three

parameters: the rollo↵ frequency ⌫rollo↵ , the mean radio-
to-X-ray spectral index ↵, and the 1 GHz radio flux den-
sity F1GHz. To limit the free parameters in the fit, we
estimated F1GHz in each of the sixty-six regions by mea-
suring the 1.505 GHz flux density in the NRAO/VLA
data and assumed a radio spectral index of ↵ = �0.65
(Kothes et al. 2006). The derived flux densities at 1 GHz
using this procedure are listed in Table 2. We note that
without additional single-dish observations, the interfero-
metric VLA data are missing flux from the largest scales.
Based on previous radio studies of Tycho, we estimate
the missing flux is of order ⇠10% of the values listed in

Table 2.
Table 2 lists the spectroscopic results, giving the best-

fit rollo↵ frequency ⌫rollo↵ and the �2 and degrees of
freedom (d.o.f.) for all sixty-six regions. We find that
all the regions are fit well by the srcut models, with
�2/d.o.f. = �2

r ⇡0.82–1.26 with ⇠100–200 degrees of
freedom per region. Figure 8 shows example spectra
from six of the regions, and Figure 3.3 maps the best-
fit rollo↵ frequency ⌫rollo↵ values across Tycho. We find
substantial variation of a factor of five in ⌫rollo↵ . The
largest values of ⌫rollo↵ >

⇠ 3 ⇥ 1017 Hz (corresponding to
a rollo↵ energy Erollo↵ =1.24 keV) are concentrated in
the west of the SNR where Eriksen et al. (2011) iden-
tified the “stripes” in Tycho. Furthermore, we find el-
evated rollo↵ frequencies in the northeast of the SNR,
with ⌫rollo↵ ⇡ 2 ⇥ 1017 Hz (corresponding to Erollo↵ ⇡
0.83 keV), where the SNR is thought to be interact-
ing with molecular material (Reynoso et al. 1999; Lee
et al. 2004). The lowest values of ⌫rollo↵ ⇠ 1017 Hz
(corresponding to Erollo↵ ⇡ 0.42 keV) are found in
the southeast and north of the SNR. For the range of
Erollo↵ ⇡0.4–2.0 keV we find in our spatially resolved
spectroscopic analyses, Equation 1 gives a maximum en-
ergy Emax = (75 � 170)(B/µG)�1/2 TeV. Assuming a
magnetic field B = 200µG across Tycho (Parizot et al.
2006), this relation gives Emax = 5–12 TeV.
Previous X-ray studies of Tycho have also measured

⌫rollo↵ over the entire SNR or along prominent syn-
chrotron filaments. Using ASCA data from Tycho,
Reynolds & Keohane (1999) found ⌫rollo↵ ⇡ 8.8⇥1016 Hz,
and using the first Chandra observation of Tycho, Hwang
et al. (2002) derived even lower ⌫rollo↵ toward the north-
east, northwest, and southwest rim, with ⌫rollo↵ ⇠ 3–7
⇥1016 Hz. More recently, in their analysis of the deep
Chandra observations of Tycho, Eriksen et al. (2011)
fit absorbed srcut models to the hard “stripes” and
a series of filaments projected in the south of Tycho
(corresponding to our regions #51 and 52) which they
called the “faint ensemble”. They found the stripes have
⌫rollo↵ ⇠ 2⇥ 1018 Hz while the faint ensemble had softer
spectra, with ⌫rollo↵ ⇡ 3⇥ 1017 Hz.
Our NuSTAR results confirm the stripes have harder

emission than other regions in Tycho, but our 90% con-
fidence limits exclude ⌫rollo↵ >

⇠ 5 ⇥ 1017 Hz there. The
softest regions (with ⌫rollo↵ ⇡ 1017 Hz) are comparable
to the values found by Reynolds & Keohane (1999) in-
tegrated over Tycho. The discrepancy between our 90%
confidence limits and the hard stripes analyzed by Erik-
sen et al. (2011) may be due to two issues. First, the
angular resolution of NuSTAR is not su�cient to resolve
the individual stripes, and thus our spectra appear softer
as they are averaging over larger areas of the SNR. Sec-
ondly, Eriksen et al. (2011) fit the Chandra data from
4.2–10 keV, and these spectra may not have had reliable
leverage to model the high-energy rollo↵. Additionally,
Chandra background subtraction is less reliable for data
above 8 keV.
We note that we have assumed a constant radio spec-

tral index of ↵ = �0.65, the value derived by Kothes
et al. (2006) based on the integrated flux densities at
408 MHz and 1420 MHz. However, the radio spectrum
is actually concave, and thus, ↵ may flatten at higher
frequencies (Reynolds & Ellison 1992). If we instead
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Fig. 7.— Background-subtracted, merged 3–20 keV image of Tycho with 10 by 10 boxes overplotted denoting the regions where NuSTAR

spectra were extracted and modeled.

TABLE 2
Spatially Resolved Spectroscopy Fit Results Using SRCUTa

Region F1GHz ⌫rollo↵ �2/dof Region F1GHz ⌫rollo↵ �2/d.o.f.
(Jy) (⇥1017 Hz) (Jy) (⇥1017 Hz)

1 0.55 1.91±0.06 109/126 34 0.42 1.55±0.05 117/110
2 1.32 1.17±0.03 166/138 35 0.53 1.59±0.05 138/123
3 1.29 1.08±0.03 130/122 36 0.75 1.63±0.04 133/147
4 0.89 1.22±0.04 116/117 37 1.18 2.25±0.04 247/213
5 0.97 1.33±0.04 129/128 38 0.58 3.43±0.08 204/186
6 1.85 1.17±0.02 156/158 39 1.38 1.11±0.03 161/132
7 1.51 1.21±0.02 161/154 40 0.90 1.20±0.03 135/121
8 0.97 1.40±0.03 163/140 41 0.74 1.66±0.04 164/142
9 1.27 1.30±0.03 152/148 42 0.76 1.41±0.03 133/127
10 1.39 1.33±0.03 144/143 43 0.46 1.62±0.05 137/114
11 0.40 2.01±0.08 93/108 44 0.48 1.78±0.05 132/121
12 0.34 2.11±0.08 134/109 45 0.85 1.78±0.04 155/159
13 1.51 1.09±0.02 145/141 46 1.08 2.59±0.04 208/218
14 1.05 1.29±0.03 144/135 47 0.47 3.66±0.09 191/172
15 0.74 1.45±0.04 130/128 48 0.87 1.22±0.04 133/117
16 0.55 1.65±0.05 110/120 49 1.05 1.14±0.03 134/123
17 0.63 1.83±0.05 124/134 50 1.16 1.36±0.03 154/154
18 1.15 1.48±0.03 162/152 51 1.03 1.34±0.03 154/147
19 1.20 1.56±0.03 152/159 52 0.69 1.58±0.04 147/135
20 0.14 5.38±0.27 145/115 53 0.71 1.81±0.04 140/146
21 0.67 2.52±0.06 147/160 54 1.01 2.25±0.04 217/198
22 1.38 1.13±0.02 165/136 55 1.32 2.16±0.03 214/205
23 0.85 1.25±0.03 136/120 56 0.19 4.22±0.18 110/121
24 0.62 1.42±0.04 117/116 57 1.15 1.33±0.03 163/144
25 0.54 1.47±0.04 105/114 58 1.40 1.27±0.02 164/158
26 0.58 1.58±0.04 122/125 59 1.36 1.37±0.03 157/153
27 0.80 1.54±0.04 120/143 60 1.08 1.57±0.03 157/157
28 1.21 1.58±0.03 162/167 61 1.04 1.74±0.04 127/155
29 0.54 2.64±0.07 179/153 62 0.48 2.45±0.07 149/139
30 1.09 1.55±0.03 188/151 63 0.49 1.71±0.06 130/115
31 0.97 1.18±0.03 131/118 64 0.76 1.60±0.04 126/133
32 0.66 1.39±0.04 113/117 65 0.53 1.69±0.05 127/117
33 0.64 1.37±0.04 135/116 66 0.09 4.63±0.31 101/94

a Error bars on the rollo↵ frequency ⌫rollo↵ represent the 90% confidence range.
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Fig. 8.— Example spectra and fits using an absorbed srcut model for six regions. Although the spectra were fit over the range 10–50 keV
where the non-thermal emission dominates, the spectra above span 3–50 keV to demonstrate the adequacy of the srcut model at predicting
the non-thermal continuum across this energy range.
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Fig. 9.— Map of roll-o↵ frequency ⌫rollo↵ across Tycho, with black contours from the 3–20 keV image in Figure 7. The softest spectra
(i.e., those with the smallest best-fit values of ⌫rollo↵) are found in the southeast and north of Tycho, while the hardest spectra are in
the northeast and the west. The hardest spectra (with ⌫rollo↵ >

⇠ 3 ⇥ 1017 Hz) are coincident with the “stripes” found in deep Chandra

observations of Tycho by Eriksen et al. (2011).

NuSTAR Observations of Tycho 7

105 2010
−7

10
−6

10
−5

10
−4

10
−3

0.
01

C
ou

nt
s 

s−
1  k

eV
−1

Energy (keV)
105 20

10
−6

10
−5

10
−4

10
−3

C
ou

nt
s 

s−
1  k

eV
−1

Energy (keV)
105 2010

−6
10

−5
10

−4
10

−3
0.

01
C

ou
nt

s 
s−

1  k
eV

−1

Energy (keV)

105 20

10
−6

10
−5

10
−4

10
−3

C
ou

nt
s 

s−
1  k

eV
−1

Energy (keV)
105 2010

−7
10

−6
10

−5
10

−4
10

−3

C
ou

nt
s 

s−
1  k

eV
−1

Energy (keV)
105 20

10
−6

10
−5

10
−4

10
−3

C
ou

nt
s 

s−
1  k

eV
−1

Energy (keV)

νrolloff = (1.08±0.03)x1017 Hz"
χ2 / dof = 130 / 122

νrolloff = (2.52±0.06)x1017 Hz"
χ2 / dof = 147 / 160

νrolloff = (3.43±0.08)x1017 Hz"
χ2 / dof = 204 / 186

νrolloff = (3.66±0.09)x1017 Hz"
χ2 / dof = 191 / 172

νrolloff = (1.22±0.04)x1017 Hz"
χ2 / dof = 133 / 117

νrolloff = (1.60±0.04)x1017 Hz"
χ2 / dof = 126 / 133

Region #3 Region #21 Region #38

Region #47 Region #48 Region #65
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where the non-thermal emission dominates, the spectra above span 3–50 keV to demonstrate the adequacy of the srcut model at predicting
the non-thermal continuum across this energy range.
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Fig. 9.— Map of roll-o↵ frequency ⌫rollo↵ across Tycho, with black contours from the 3–20 keV image in Figure 7. The softest spectra
(i.e., those with the smallest best-fit values of ⌫rollo↵) are found in the southeast and north of Tycho, while the hardest spectra are in
the northeast and the west. The hardest spectra (with ⌫rollo↵ >

⇠ 3 ⇥ 1017 Hz) are coincident with the “stripes” found in deep Chandra

observations of Tycho by Eriksen et al. (2011).
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Fig. 11.— Rollo↵ energy Erollo↵ versus post-shock density no (left) and shock velocity vs (right) derived by Williams et al. (2013) adopting
a distance of D = 2.3 kpc. The velocities scale linearly with the assumed distance, but the trend of Erollo↵ with vs is independent of
distance. Overplotted on the right panel are three curves which represent di↵erent dependences of Erollo↵ on shock velocity vs: Erollo↵ / v2s
(cyan solid line), Erollo↵ / v4s (red dashed line), and Erollo↵ / v7s (blue dotted line). The former two trends are those expected if the
maximum energy of the electrons is limited by the age of the SNR or by the timescale of the radiative losses, respectively. The latter curve
represents the loss-limited case if the B-field strength is not constant (and instead B / vs). The Erollo↵ / v2s trend does not match the
data, and the age-limited scenario is more consistent with our results. We note that the three n0 >1 cm�3 points correspond to regions
#12, 10, and 21 (in order of increasing n0). The two vs <

⇠ 2200 km s�1 points correspond also to regions #12 and 21, which are located
where the forward shock is interacting with the dense clump know as knot g (Kamper & van den Bergh 1978; Ghavamian et al. 2000).

Tian & Leahy 2011; Slane et al. 2014). For the data
plotted in Figure 11, Williams et al. (2013) employed a
distance of D = 2.3 kpc, as suggested by Chevalier et al.
(1980). The shock velocities scale linearly with the as-
sumed distance, so the choice of distance will shift the
points in the right panel of Figure 11 accordingly.
The relationship between Erollo↵ and vs in Figure 11

can be used to ascertain the mechanism limiting the
maximum energy of electrons Emax undergoing di↵usive
shock acceleration. The timescale tacc of the accelera-
tion is set by the lesser of three relevant processes: the
age of the SNR (i.e., the finite time the electrons have
had to accelerate), the timescale of the radiative losses of
the electrons, or the timescale for the particles to escape
upstream of the shock. In each case, Emax (and conse-
quently, Erollo↵) depends di↵erently on physical param-
eters (from Reynolds 2008, Equations 26–28):

Emax(age) / v2s tB(⌘RJ )�1 (2)

Emax(loss) / vs(⌘RJB)�1/2 (3)

Emax(esc) / B�mfp. (4)

In the above relations, t is the age of the SNR, ⌘ is the
gyrofactor (where ⌘ = 1 is Bohm di↵usion and ⌘ >1 is
“Bohm-like” di↵usion), and �mfp is the mean-free path
of the electrons. RJ parametrizes the obliquity depen-
dence of the acceleration: given that the shock obliquity
angle ✓Bn is the angle between the mean upstream B-
field direction and the shock velocity, then the quantity
RJ is defined as RJ ⌘ tacc(✓Bn)/tacc(✓Bn = 0). Since

Erollo↵ / E2
maxB, the above relations can be rewritten in

terms of Erollo↵ :

Erollo↵(age) / v4s t
2B3(⌘RJ )�2 (5)

Erollo↵(loss) / v2s (⌘RJ )�1 (6)

Erollo↵(esc) / B3�2
mfp. (7)

In the right panel of Figure 11, we plot curves for
Erollo↵ / v2s (solid light blue line) and Erollo↵ / v4s
(dashed red line), for comparison. Additionally, since
vs = mR/t / m (where R is the radius of the shock and
t is the age of the SNR), we have plotted the same curves
on Figure 10 as well. The two dependencies of Erollo↵ on
vs reflect those of the loss-limited and age-limited rela-
tions above, assuming constant B and RJ . We find that
the / v2s curve is too shallow to match the high-velocity
(vs >

⇠ 3500 km s�1) points, and the / v4s curve is a better
descriptor of the data. We note that if B is not constant
and is instead amplified by a constant fraction of the
shock kinetic energy, then B / vs, and Equation 5 gives
Erollo↵ / v7s . We have plotted this steeper curve in Fig-
ures 10 and 11 as well, and it adequately describes the
data. Due to the relatively large error bars on the shock
velocity vs, we are not able to distinguish which curve
(Erollo↵ / v4s or Erollo↵ / v7s ) is better statistically, but
both are much more successful than the loss-limited case
(with Erollo↵ / v2s ) and the escape-limited case (with no
Erollo↵ dependence on vs). Thus, our spatially resolved
spectroscopic results are most consistent with the age-
limited scenario, whereby the maximum electron energy
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Fig. 11.— Rollo↵ energy Erollo↵ versus post-shock density no (left) and shock velocity vs (right) derived by Williams et al. (2013) adopting
a distance of D = 2.3 kpc. The velocities scale linearly with the assumed distance, but the trend of Erollo↵ with vs is independent of
distance. Overplotted on the right panel are three curves which represent di↵erent dependences of Erollo↵ on shock velocity vs: Erollo↵ / v2s
(cyan solid line), Erollo↵ / v4s (red dashed line), and Erollo↵ / v7s (blue dotted line). The former two trends are those expected if the
maximum energy of the electrons is limited by the age of the SNR or by the timescale of the radiative losses, respectively. The latter curve
represents the loss-limited case if the B-field strength is not constant (and instead B / vs). The Erollo↵ / v2s trend does not match the
data, and the age-limited scenario is more consistent with our results. We note that the three n0 >1 cm�3 points correspond to regions
#12, 10, and 21 (in order of increasing n0). The two vs <

⇠ 2200 km s�1 points correspond also to regions #12 and 21, which are located
where the forward shock is interacting with the dense clump know as knot g (Kamper & van den Bergh 1978; Ghavamian et al. 2000).

Tian & Leahy 2011; Slane et al. 2014). For the data
plotted in Figure 11, Williams et al. (2013) employed a
distance of D = 2.3 kpc, as suggested by Chevalier et al.
(1980). The shock velocities scale linearly with the as-
sumed distance, so the choice of distance will shift the
points in the right panel of Figure 11 accordingly.
The relationship between Erollo↵ and vs in Figure 11

can be used to ascertain the mechanism limiting the
maximum energy of electrons Emax undergoing di↵usive
shock acceleration. The timescale tacc of the accelera-
tion is set by the lesser of three relevant processes: the
age of the SNR (i.e., the finite time the electrons have
had to accelerate), the timescale of the radiative losses of
the electrons, or the timescale for the particles to escape
upstream of the shock. In each case, Emax (and conse-
quently, Erollo↵) depends di↵erently on physical param-
eters (from Reynolds 2008, Equations 26–28):

Emax(age) / v2s tB(⌘RJ )�1 (2)

Emax(loss) / vs(⌘RJB)�1/2 (3)

Emax(esc) / B�mfp. (4)

In the above relations, t is the age of the SNR, ⌘ is the
gyrofactor (where ⌘ = 1 is Bohm di↵usion and ⌘ >1 is
“Bohm-like” di↵usion), and �mfp is the mean-free path
of the electrons. RJ parametrizes the obliquity depen-
dence of the acceleration: given that the shock obliquity
angle ✓Bn is the angle between the mean upstream B-
field direction and the shock velocity, then the quantity
RJ is defined as RJ ⌘ tacc(✓Bn)/tacc(✓Bn = 0). Since

Erollo↵ / E2
maxB, the above relations can be rewritten in

terms of Erollo↵ :

Erollo↵(age) / v4s t
2B3(⌘RJ )�2 (5)

Erollo↵(loss) / v2s (⌘RJ )�1 (6)

Erollo↵(esc) / B3�2
mfp. (7)

In the right panel of Figure 11, we plot curves for
Erollo↵ / v2s (solid light blue line) and Erollo↵ / v4s
(dashed red line), for comparison. Additionally, since
vs = mR/t / m (where R is the radius of the shock and
t is the age of the SNR), we have plotted the same curves
on Figure 10 as well. The two dependencies of Erollo↵ on
vs reflect those of the loss-limited and age-limited rela-
tions above, assuming constant B and RJ . We find that
the / v2s curve is too shallow to match the high-velocity
(vs >

⇠ 3500 km s�1) points, and the / v4s curve is a better
descriptor of the data. We note that if B is not constant
and is instead amplified by a constant fraction of the
shock kinetic energy, then B / vs, and Equation 5 gives
Erollo↵ / v7s . We have plotted this steeper curve in Fig-
ures 10 and 11 as well, and it adequately describes the
data. Due to the relatively large error bars on the shock
velocity vs, we are not able to distinguish which curve
(Erollo↵ / v4s or Erollo↵ / v7s ) is better statistically, but
both are much more successful than the loss-limited case
(with Erollo↵ / v2s ) and the escape-limited case (with no
Erollo↵ dependence on vs). Thus, our spatially resolved
spectroscopic results are most consistent with the age-
limited scenario, whereby the maximum electron energy
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Conclusions
➡ The wealth of data available on supernova remnants offers an 
exciting basis for comparison between sources

➡ SNRs can be “typed” based on their symmetry

➡ Jet-driven SNe (those with collimated outflows) occur at rates 
that we may expect to find a handful in MW and nearby galaxies

➡ Identified two possible jet-driven SNRs, W49B and SMC 
0104-72.3, based on six observational characteristics

➡ SNRs with magnetars have the same symmetry as those 
without magnetars

➡ NuSTAR hard X-ray imaging revealing important insights about 
explosion asymmetries, progenitors, and particle acceleration


