
Observing Supernova Remnants 
with Lynx

Laura A. Lopez
Ohio State University

August 9, 2017



Conclusions
Chandra has revolutionized our view of supernova remnants: 
their explosive origins, shock heating, dynamical evolution, 
particle acceleration properties, and associated neutron stars.

Limitations of current facilities: challenges associated with 
gratings spectra of extended objects, sensitivity (and spatial 
resolution) to probe extragalactic populations

SN simulations are finally making predictions for chemical yields, 
spatial distribution and kinematics of metals, formation and kicks 
of neutron stars. X-ray data gives ability to test models in ways 
that cannot be done at any other wavelengths.

Lynx will give 3D structure of tens of SNRs and enable 
characterization of hundreds of SNRs in the Local Group - key to 
understanding explosion mechanisms and SN feedback
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Why Remnants, and why X-rays?

Although dedicated surveys find extragalactic supernovae each 
day, these objects are far too distant to resolve. 

Supernova remnants (SNRs) offer an up-close view (at sub-pc 
scales) of the explosions and their surroundings. 

The metals synthesized in supernovae are heated to X-ray 
emitting temperatures (>107 K) by the reverse shock, and they 
stay X-ray bright for many thousands of years after the explosion. 
Thus, X-rays are key to studying the nucleosynthetic products of 
explosions and their dispersal into the ISM.  



We’ve Learned a Lot 
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What have we learned?



Strengths: Spatial Resolution and Sensitivity

Advances: Detect expansion and get explosion site; 
identify neutron stars



Strengths: Spatial Resolution and Sensitivity



Eriksen et al. 2011

Strengths: Spatial Resolution and Sensitivity

Advances: Resolve non-thermal filaments
Constrain particle acceleration properties

4.2-6 keV

<3 arcsec width

Spacings of
~5 arcsec
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Figure 3. Probability distributions of the quadrupole ratio P2/P0 of the 24 SNRs, with Type Ia SNRs in red, CC SNRs in blue, and 0548−70.4 in purple. The
distributions do not have significant overlap, and the boundary between the two classes is P2/P0 ≈ (20–30) × 10−7. Consequently, the PRM may not be useful in
discerning the explosion type for an individual SNR if P2/P0 ≈ (20–30) × 10−7 and P3/P0 ! 6.0 × 10−7.
(A color version of this figure is available in the online journal.)

Figure 4. Chandra ACIS full-band (0.5–8.0 keV) spectra for the nine sources analyzed in Section 4.2. Black lines indicate the emission features that we analyzed in
Section 4.2; these emission lines are listed in Table 2, from low to high energy.

results of Section 4.1 hint that the X-ray lines of each SNR
have similar morphologies, since the PRM could predict accu-
rately the explosion type regardless of which line image was
analyzed.

Toward this end, we apply the WTA technique outlined in
Section 3.2 to all the emission line images of our sources:
as the transformations are computationally expensive, we have
convolved the images with wavelets of 33 different widths a,
ranging from 1′′to 50′′ in size.6 Since we are focusing on the

6 Specifically, we used: a = 1′′, 1.′′5, 2′′, 2.′′5, 3′′, 3.′′5, 4′′, 4.′′5, 5′′, 5.′′5, 6′′,
6.′′5, 7′′, 7.′′5, 8′′, 8.′′5, 9′′, 9.′′5, 10′′, 11′′, 12′′, 13′′, 14′′, 15′′, 17.′′5, 20′′, 22.′′5,
25′′, 30′′, 35′′, 40′′, 45′′, and 50′′.

comparison between emission lines, we limited our sample to
only those with at least two strong X-ray line features (with
counts per unit area >0.01 counts pixel−2). Additionally, as
we are considering local structures with arcsecond extents, we
restrict the analyses of this section to MW SNRs to ensure that
we can resolve subparsec scale structures. Thus, we limit our
sample to the nine SNRs that satisfy these criteria. Figure 4
gives the global X-ray spectra for these nine SNRs, with the
black lines labeling all the X-ray emission lines whose images
we analyzed. Table 2 lists these X-ray emission lines, in order
from the lowest to highest energies; the nine SNRs had 2–7 lines
that had sufficient surface brightnesses for our analyses.
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Strengths: Moderate Energy Resolution of CCDs
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Fig. 3.— Chandra ACIS full-band (0.5–8.0 keV) spectra for the nine sources analyzed in
§4.2. Black lines indicate which emission features we analyzed in § 4.2; these emission lines

are listed in Table 2, from low to high energy.
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Strengths: Narrow-band Images of Metals

Advances: Metals can have 
vastly different morphologies
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Figure 3. Probability distributions of the quadrupole ratio P2/P0 of the 24 SNRs, with Type Ia SNRs in red, CC SNRs in blue, and 0548−70.4 in purple. The
distributions do not have significant overlap, and the boundary between the two classes is P2/P0 ≈ (20–30) × 10−7. Consequently, the PRM may not be useful in
discerning the explosion type for an individual SNR if P2/P0 ≈ (20–30) × 10−7 and P3/P0 ! 6.0 × 10−7.
(A color version of this figure is available in the online journal.)

Figure 4. Chandra ACIS full-band (0.5–8.0 keV) spectra for the nine sources analyzed in Section 4.2. Black lines indicate the emission features that we analyzed in
Section 4.2; these emission lines are listed in Table 2, from low to high energy.

results of Section 4.1 hint that the X-ray lines of each SNR
have similar morphologies, since the PRM could predict accu-
rately the explosion type regardless of which line image was
analyzed.

Toward this end, we apply the WTA technique outlined in
Section 3.2 to all the emission line images of our sources:
as the transformations are computationally expensive, we have
convolved the images with wavelets of 33 different widths a,
ranging from 1′′to 50′′ in size.6 Since we are focusing on the

6 Specifically, we used: a = 1′′, 1.′′5, 2′′, 2.′′5, 3′′, 3.′′5, 4′′, 4.′′5, 5′′, 5.′′5, 6′′,
6.′′5, 7′′, 7.′′5, 8′′, 8.′′5, 9′′, 9.′′5, 10′′, 11′′, 12′′, 13′′, 14′′, 15′′, 17.′′5, 20′′, 22.′′5,
25′′, 30′′, 35′′, 40′′, 45′′, and 50′′.

comparison between emission lines, we limited our sample to
only those with at least two strong X-ray line features (with
counts per unit area >0.01 counts pixel−2). Additionally, as
we are considering local structures with arcsecond extents, we
restrict the analyses of this section to MW SNRs to ensure that
we can resolve subparsec scale structures. Thus, we limit our
sample to the nine SNRs that satisfy these criteria. Figure 4
gives the global X-ray spectra for these nine SNRs, with the
black lines labeling all the X-ray emission lines whose images
we analyzed. Table 2 lists these X-ray emission lines, in order
from the lowest to highest energies; the nine SNRs had 2–7 lines
that had sufficient surface brightnesses for our analyses.
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We get:
-column density
-temperature
-ionization state
-relative metal

abundances
-emission measure

Advances: Spectra enable typing of SNRs (Type Ia or 
core-collapse) using abundance ratios (e.g., O/Fe) or via 
identification of central NSs or pulsar wind nebulae

Strengths: Moderate Energy Resolution of CCDs



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

1 10
0.1

1

10

100

P
3
 / P

0
 (x10−7)

P
2 / 

P
0 (x

10
−7

)

W49B N49B

N206

0519−69.0
0534−69.9

Tycho

0506−68.0

DEM L71

N103B

G337.2−0.7

RCW 103

N132D

G344.7−0.1

Cas AKes 73
G292.0+1.8

B0453−685

Kepler0509−67.5

G15.9+0.2

0548−70.4
G11.2−0.3

Kes 79

G272.2−3.2

0.1 1 10
0.1

1

10

100

P
3
 / P

0
 (x10−7)

P
2 / 

P
0 (x

10
−7

) 0509−67.5

N132D

G15.9+0.2 W49B

B0453−685
G292.0+1.8

G11.2−0.3

Tycho

N103B

N49B

Kepler

DEM L71

RCW 103

Cas A

0519−69.0

0548−70.4

Kes 73

IIIX iSsyar−X tfoS

Figure 2. Left: power ratios, the quadrupole ratio P2/P0 vs. the octupole ratio P3/P0, of the soft X-ray band (0.5–2.1 keV) for 24 SNRs in the Milky Way and LMC.
Right: the same plot using only Si xiii (∼1.75–2.0 keV) in the 17 SNRs from L09a. Type Ia SNRs are in red, CC SNRs are in blue, and 0548−70.4 is in purple because
of its anomalous ejecta properties that make its type uncertain. The quadrupole ratio is a measure of ellipticity/elongation, and the octupole ratio quantifies the mirror
asymmetry of the emission. We find that the Type Ia SNRs are more circular and symmetrical than the CC SNRs.
(A color version of this figure is available in the online journal.)

4. RESULTS

We use the methods from Section 3 to the sample in Table 1
to examine the global and local X-ray morphological properties
of SNRs.

4.1. Global X-Ray Morphologies

To measure the global X-ray morphologies of the thermal
emission in SNRs, we applied the PRM to the soft X-ray
(0.5–2.1 keV) images of the 24 SNRs shown in Figure 1.
This work is an extension of the analyses in L09a, where we
employed the PRM and calculated the multipole moments of
the Si xiii images of 17 Galactic and LMC SNRs observed by
Chandra. In L09a, we found that the CC and Type Ia SNRs can
be distinguished by their quadrupole and octupole ratios, P2/P0
and P3/P0, respectively. In particular, the CC SNRs had an order
of magnitude greater P2/P0 than the Type Ia SNRs, indicating
CC SNRs are statistically more elongated/elliptical than Type
Ia SNRs. Additionally, the CC SNRs had a factor of two larger
P3/P0 than the Type Ia SNRs, suggesting the CC SNRs are
more mirror asymmetric than Type Ia SNRs. The results were
the same for other X-ray emission lines besides Si xiii, e.g.,
Ne ix, Mg xi, and S xv.

Here, we apply the method to thermal X-rays in SNRs gen-
erally. In doing so, we are able to increase the sample size
since several remnants have strong bremsstrahlung emission
without resolved or strong emission lines. Thus, in addition
the seventeen targets from L09a, seven new sources have suffi-
cient bremsstrahlung emission for our analyses: G337.2−0.7,
G272.2−3.2, 0534−69.9, 0506−68.0, Kes 79, N206, and
G344.7−0.1. To ensure that we are measuring thermal X-rays
and not non-thermal emission, we analyzed the soft X-ray im-
ages described in Section 2, since bremsstrahlung dominates
over synchrotron emission below ∼2 keV.

Figure 2 (left) shows the resulting P2/P0 versus P3/P0 plot
for the soft X-ray images; the analogous Si xiii plot from L09a
is given (right) for comparison. We find that the CC SNRs
have a mean P2/P0 = (94.2 ± 0.4)×10−7 (with values ranging
from (28.0–332) ×10−7), and the Type Ia SNRs have a mean
P2/P0 = (6.53 ± 0.05) ×10−7 (with values ranging from
(2.91–22.1) ×10−7; excluding SNR 0548−70.4, see the dis-
cussion in L09a). The mean P3/P0 of the two classes are

also different: the mean of the Type Ia SNRs is (2.60 ±
0.13) ×10−7 (with values ranging from (0.29–6.15) ×10−7)
and of the CC SNRs is (5.01 ± 0.88) ×10−7 (with val-
ues ranging from (0.26–12.1) ×10−7). This discrepancy in
P3/P0 can be attributed to the CC SNRs with large P3/P0
(!6.0 ×10−7), and the P3/P0 of Type Ia and CC SNRs are
similar otherwise. Generally, our findings are consistent with
those of L09a: CC SNRs are much more asymmetric or el-
liptical than Type Ia SNRs. We attribute these differences to
the distinct explosion mechanisms and circumstellar medium
structures of Type Ia and CC SNRs.

The measured asymmetries between the two classes of SNRs
are clearly different, and this property may enable typing of
individual SNRs using the PRM. In particular, P2/P0 appears
to be the primary discriminant between Type Ia and CC SNRs,
although large P3/P0 (!6.0 × 10−7) seems to indicate a CC SN
origin as well. The P2/P0 probability distributions of the Type
Ia and CC SNRs (Figure 3) do not overlap significantly, except
near P2/P0 ≈ (20–30) × 10−7. Consequently, the PRM may not
be useful in discerning the explosion type for an individual SNR
if P2/P0 ≈ (20–30) × 10−7 and P3/P0 " 6.0 × 10−7.

Of the Type Ia SNRs, Kepler has one of the largest P2/P0
because of its off-center centroid (see Figure 1) since one side
being brighter than the other. Sources with more symmetric and
homogeneous emission (like G272.2−3.2) have the smallest
P2/P0. Additionally, centrally filled SNRs (e.g., N103B) tend
to have smaller P2/P0 as well. Of the CC SNRs, the sources
with bright pulsars tend to have the lowest P2/P0 (such as
B0453−685 and Kes 79) suggesting that those SNRs are more
circular and symmetric than those without pulsars or neutron
stars. Finally, SNRs with elongated or elliptical shapes (like
W49B) have the highest P2/P0, and those with large-scale
asymmetries have the greatest P3/P0 (e.g., RCW 103).

4.2. Small-scale Structure

From Section 4.1, it is evident that the large-scale morpho-
logical differences of the X-ray line and the thermal emitting
material between SNRs can be used to distinguish the explosion
type. Next, we consider the relative morphologies of different
X-ray lines within individual sources and what their properties
can reveal about their explosions and dynamical evolution. The

5

Typing SNRs through spectra enabled us to explore other ways 
to probe explosive origin - Type Ia SNRs have more circular and 
mirror symmetric X-ray emission than CC SNRs

Lopez et al. 2011

Advances: Other Ways of Typing SNRs

Ia

CC

Ia

CC



Advances: Other Ways of Typing SNRs
Fe K centroid gives types (Type Ia SNRs have lower Fe K 
centroid energy than CC SNRs), likely because of 
different ejecta density structures Supernova Types 
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Yamaguchi et al. 2014 

•  Understanding the demographics of SNRs 
  allows us to understand the progenitors, 
  how they evolved, and how they exploded. 

  - Step 1: Core-collapse or Type Ia? 

  - This can be determined with good spectra, 
     or by identifying accompanying NS/PWN 

  - Are there other ways (e.g., for fainter SNRs?) 

•  Moments of brightness distribution relative 
  to emission centroid are different for core- 
  collapse and Type Ia remnants 

  - High resolution/area for distant SNRs 

•  Fe-K flux/centroid is a diagnostic as well 
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Figure 1. Partial set of fitted parameters for the single vpshock model fits. Top row: maps of χ2 per degree of freedom (left), and of fitted column density NH in
1021 cm2 (right). Second row: maps of temperature kT in keV and ionization age net in cm−3 s (square-root scale). Third row: maps of fitted Si and Fe element
abundances, relative to the solar values of Anders & Grevesse (1989) by number, both on square-root intensity scale, truncated at the high end. Bottom rows: fitted
abundances of the remaining elements, Ne, Mg, S, Ar. The intensities are square-root scale and truncated at the high end for S and Ar.

apparent from comparing the ionization age and Fe abundance
maps shown in Figure 1.

We will focus our attention primarily on the abundance maps
for Fe and Si, although such maps are also shown for all the
elements for which we fitted the abundances. The maps for S
and Ar are on the whole similar to that of Si. The abundance
maps for Si and Fe are distinctly different, but both feature
three main lobes of ejecta located north, east, and west. The
Si is also extended to the northeast along the northeast ejecta
“jet,” while Fe is particularly distinct in the eastern region
compared to the Si, and shows its highest enhancement in the
outermost parts of this region. In general, the abundance maps

we obtain are strongly reminiscent of the corresponding line
images shown by Hwang et al. (2000) and Hwang et al. (2004),
and also resemble the less detailed abundance maps obtained
by Willingale et al. (2002). Those authors had previously noted
that the line emission and element abundance patterns for Si, S,
Ar, and Ca in Cas A are similar to each other.

The Ne and Mg maps have a distinct character in that
they do not show any prominent morphological characteristics
aside from a brightening at the western end of the remnant.
One must be cautious to interpret those results, however, as the
line emissions of Ne and Mg fall in complicated parts of the
spectrum, and the fitted abundances of these elements may be

4
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Figure 1. (Continued)

correlated with parameters such as the ionization age, which
shows similar distribution patterns in the west, and the column
density, which is very high in that region. It is clear, however,
that Ne and Mg both show a strikingly different morphology to
Si, S, and Ar, or to Fe, and are much more similar to each other
than to any of the other elements.

2.3.2. Forward-shocked Regions

Broadly speaking, the distinctions between ejecta- and FS-
dominated regions in Cas A are readily apparent, with differ-
ences in temperature, ionization age, and element abundances.
To carry out a survey of the ejecta mass, however, we must either
model both the ejecta and circumstellar medium (CSM) compo-
nents for each spectrum or else accurately identify the specific
regions where the reverse-shocked ejecta make the dominant
contribution to the emission. Given the scope of the spectral
analysis, we have adopted the latter approach. Multi-component
fits can be difficult to constrain reliably, particularly if one of
the components is relatively weak, and thus would require more
individual attention than is feasible for a sample of thousands.
Consequently, our next aim is to identify and eliminate regions
whose spectra can be completely associated with the forward
shock.

We evaluate the presence of thermal emission associated with
the forward shock by fitting a second set of plane-parallel shock
models to every spectrum, but this time with element abundances
appropriate for the CSM. The optically emitting quasi-stationary
flocculi (QSFs) in Cas A are understood to be circumstellar
mass loss from the progenitor. While abundance measurements
for QSFs are limited to a small number of knots, these generally
show an order-of-magnitude enhancement of N and sometimes
also of He (Chevalier & Kirshner 1978). Theoretical calculations
for the pre-supernova composition are also given by Arnett
(1996), where the models allow the elements H, He, and N, all
apparently present in Cas A, to exist simultaneously at a narrow
temperature range near log T (109 K) = −1.5 (their Figure 7.6).
At that temperature the abundance of He is 3 times the solar
value relative to H by number, and that of N about 15 times

the solar value. As these abundances for He and N are broadly
consistent with the observational measurements, we proceed to
adopt them for our fits, along with solar values for the remaining
elements, as representative CSM element abundances.

About 1209 regions gave reasonably good fitting results
(χ2 ! 1.2) with the vpshock model and these QSF element
abundances and are thus assigned to the forward shock. They
are distributed mainly in the remnant’s outer rim and southwest
interior, as would be expected based on the 4–6 keV X-ray
continuum image that highlights the forward-shocked regions
(Gotthelf et al. 2001). Their average temperature is 2.2 keV,
and their ionization ages are rather narrowly distributed with an
average value of 2 × 1011 cm−3 s. These values can be assessed
in the context of the models of Laming & Hwang (2003),
which give the current density of the CSM at the forward shock
at about 1.5–2 cm−3. Considering the r−2 dependence of the
circumstellar density, the forward shock will have encountered
much denser material in the past, and the present-day ionization
state of the forward-shocked material is expected to be relatively
advanced. The models give values of the ionization age in the
1011 cm−3 s range, approaching 1012 cm−3 s; they also indicate
that gas is rather hot, with temperatures from 2.5 to 4 keV. This
is reasonably close to the average values of the temperature
and ionization age that we find in our region, though the fitted
spectra do not show as broad a range in ionization age as is
predicted.

To the forward-shock regions identified solely by the thermal
emission model above, we must also add those that have a
strong nonthermal contribution. To identify these, we devise a
rough diagnostic for the smoothness of the X-ray spectrum. We
bin each background-subtracted spectrum at each significant
line feature and continuum interval (some of these cover only
a narrow energy range), compute the ratio of counts for each
major line feature relative to counts in an adjacent continuum
bin, and take the sum of these ratios for all the line features.
The distribution of this quantity for all the spectra has two
overlapping peaks; we take the spectra associated with the lower
peak (corresponding to weak lines in the spectrum) and perform

5
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model both the ejecta and circumstellar medium (CSM) compo-
nents for each spectrum or else accurately identify the specific
regions where the reverse-shocked ejecta make the dominant
contribution to the emission. Given the scope of the spectral
analysis, we have adopted the latter approach. Multi-component
fits can be difficult to constrain reliably, particularly if one of
the components is relatively weak, and thus would require more
individual attention than is feasible for a sample of thousands.
Consequently, our next aim is to identify and eliminate regions
whose spectra can be completely associated with the forward
shock.

We evaluate the presence of thermal emission associated with
the forward shock by fitting a second set of plane-parallel shock
models to every spectrum, but this time with element abundances
appropriate for the CSM. The optically emitting quasi-stationary
flocculi (QSFs) in Cas A are understood to be circumstellar
mass loss from the progenitor. While abundance measurements
for QSFs are limited to a small number of knots, these generally
show an order-of-magnitude enhancement of N and sometimes
also of He (Chevalier & Kirshner 1978). Theoretical calculations
for the pre-supernova composition are also given by Arnett
(1996), where the models allow the elements H, He, and N, all
apparently present in Cas A, to exist simultaneously at a narrow
temperature range near log T (109 K) = −1.5 (their Figure 7.6).
At that temperature the abundance of He is 3 times the solar
value relative to H by number, and that of N about 15 times

the solar value. As these abundances for He and N are broadly
consistent with the observational measurements, we proceed to
adopt them for our fits, along with solar values for the remaining
elements, as representative CSM element abundances.

About 1209 regions gave reasonably good fitting results
(χ2 ! 1.2) with the vpshock model and these QSF element
abundances and are thus assigned to the forward shock. They
are distributed mainly in the remnant’s outer rim and southwest
interior, as would be expected based on the 4–6 keV X-ray
continuum image that highlights the forward-shocked regions
(Gotthelf et al. 2001). Their average temperature is 2.2 keV,
and their ionization ages are rather narrowly distributed with an
average value of 2 × 1011 cm−3 s. These values can be assessed
in the context of the models of Laming & Hwang (2003),
which give the current density of the CSM at the forward shock
at about 1.5–2 cm−3. Considering the r−2 dependence of the
circumstellar density, the forward shock will have encountered
much denser material in the past, and the present-day ionization
state of the forward-shocked material is expected to be relatively
advanced. The models give values of the ionization age in the
1011 cm−3 s range, approaching 1012 cm−3 s; they also indicate
that gas is rather hot, with temperatures from 2.5 to 4 keV. This
is reasonably close to the average values of the temperature
and ionization age that we find in our region, though the fitted
spectra do not show as broad a range in ionization age as is
predicted.

To the forward-shock regions identified solely by the thermal
emission model above, we must also add those that have a
strong nonthermal contribution. To identify these, we devise a
rough diagnostic for the smoothness of the X-ray spectrum. We
bin each background-subtracted spectrum at each significant
line feature and continuum interval (some of these cover only
a narrow energy range), compute the ratio of counts for each
major line feature relative to counts in an adjacent continuum
bin, and take the sum of these ratios for all the line features.
The distribution of this quantity for all the spectra has two
overlapping peaks; we take the spectra associated with the lower
peak (corresponding to weak lines in the spectrum) and perform
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Figure 1. (Continued)

further fits with a composite plane-parallel shock plus power-
law model. For a cutoff in χ2 ! 1.2 for these fits, we associate
206 additional regions with the forward shock, giving a total of
1415 regions with spectra that are consistent with emission that
can be associated with the forward shock alone.

Figure 3 summarizes the distribution and spectral character-
istics of the forward shock regions. Their locations echo the
4–6 keV continuum maps shown by Gotthelf et al. (2001) and
Hwang et al. (2004). As already noted, their temperatures and
most especially their ionization ages are rather narrowly dis-
tributed, more so than for the sample as a whole. From the
figure, the peaks in the distributions correspond roughly to kT =
2.2 keV and log (net) = 11.25, or net = 1.8e11 cm−3 s. These
regions will not be considered further here as we focus our study
on the ejecta hereafter. We will undertake a detailed considera-

tion of the thermal emission associated with the forward shock
in subsequent work.

2.4. Spectral Survey of the Ejecta and the Presence of Pure Fe

We associate with ejecta the remaining, more than 4000,
regions that are inconsistent with forward-shocked material.
For these regions, the basic spectral model is the simple one-
component plane-parallel shock that has already been presented
and discussed. As noted above, we take the view that, for the
ejecta sample as a whole, it is justifiable to assume sufficient
ejecta dominance to neglect the forward shock component.
Representative examples of all the various types of spectra seen
in Cas A are shown in Figure 5.

For some ejecta regions, the one-component spectral model
is clearly inadequate to describe the ejecta emission in that it

6
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Strengths: Spatially-Resolved Spectroscopy

Advances: 2D knowledge of thermal plasma properties



Supernova Remnants - Available Samples

•  375 SNRs in Milky Way, LMC, and SMC (Badenes et al. 
2010, Green 2014). ~46 in M31, >100 in M33 (Long et al. 
2010, Sasaki et al. 2012) 

•  ~45 SNRs within 5 kpc (Kaplan et al. 2004) 

•  ~170 MW SNRs have been detected with X-ray telescopes 

• ~110 are <20’ in diameter 

•  ~20 are classified as Type Ia SNRs based on abundances 

• ~70 have detected neutron stars 

•  >40 have pulsar wind nebulae



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

2. OBSERVATIONS AND DATA ANALYSIS

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

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

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

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

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

3. THE HIGH-RESOLUTION X-RAY SPECTRUM

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

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

TABLE 1

HETG Observations of 1E 0102.2!7219

Parameters ObsID 120 ObsID 968

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

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

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

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

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

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

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

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

2 See the Chandra Proposers’ Observatory Guide 2002, ver. 5.0, available
at http://cxc.harvard.edu/proposer/POG/index.html. See also the HETGS Web
site, available at http://space.mit.edu/HETG.
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Room for Improvement: Using Gratings on SNRs

SNR 1E 0102.2-7219
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Figure 4. Supernova remnants as observed in
the HETG GTO program are shown on the same
scale.

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

3. 1-D Analysis Approaches

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

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

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

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

zeroth−order dispersed order

Figure 5. In a quasi-2D approach multiple 1-D
spectra are extracted from a dispersed 2-D ob-
ject and analyzed simultaneously with conven-
tional s/w (ISIS, XSPEC,...). More information
is retained than if a single large extraction region
were used.
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as well as Ne, Mg, and Si; its image consists of
many filaments as narrow as 2 to 5 arc seconds.
Cas A is cutoff with strong Si and S lines and
structure on small scales (see below); in Fig. 4
the Cas A dispersed image is only of events in
the Si XIII-XIV energy range. The rough sizes of
these SNR are indicated on Fig. 3. Clearly these
renmants are large for Chandra grating observa-
tions, however the SNRs do show spatial features
on a small scale of 2 to 5 arc seconds. From an
analysis point of view each SNR may be consid-
ered a set of sources in a single complex field.

3. 1-D Analysis Approaches

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

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

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

Creation of rmf files is the most novel part
of these 1-D approaches. For RGS observations,
a model in XSPEC 11.2, rgsxsrc, can generate
an rmf based on an input image, taking into ac-
count the main effect of the extended source on
the spectrum; alternatively rgsrmfgen may be
used[4]. For our Chandra observations, custom
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Figure 5. In a quasi-2D approach multiple 1-D
spectra are extracted from a dispersed 2-D ob-
ject and analyzed simultaneously with conven-
tional s/w (ISIS, XSPEC,...). More information
is retained than if a single large extraction region
were used.
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Fig. 20 Chandra X-ray images of LMC Type Ia SNRs. These are three-color images, and in all cases red
represents the O VII/O VIII band (0.5–0.7 keV), the color green represents Fe-L emission line (∼1 keV).
From left to right, top to bottom: B0509-67.5 (Warren and Hughes 2004), B0519-69.0 (Kosenko et al.
2010), N103B (Lewis et al. 2003), DEM L71 (Hughes et al. 2003a), and B0534-699 (Hendrick et al. 2003).
The order of the figures is approximately indicative of the relative dynamical age (Images generated by the
author using the Chandra archive)

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

Extragalactic SNRs 

7  October 2015 Patrick Slane                                               X-ray Vision Workshop 

Maggi et al. 2015 

•  Samples at known distance provide probe of intrinsic  
  differences between SNRs 

  - Probe properties for SNRs in arm/inter-arm/bulge regions 

  - Compare properties and demographics between galaxies 
     � Star formation rates  � Metallicities  � Masses 

•  For nearby galaxies, Surveyor  
  can resolve most SNRs 

  - Compare XMM: 80% EER ≈ 25” 

  - Lx = 1035 erg/s ! RHDXI ≈ 7 ct/ks 
    for middle-aged SNR spectrum 

•  Based on SNR size distribution 
  in LMC, many in nearby galaxies 
  would provide spatially-resolved 
  spectral characterization with 
  Surveyor. 

  - identify SNR types for much of 
        sample 

  - identify ejecta, nonthermal  
    emission, PWNe for many 

25” at LMC = 1” at 1.25 Mpc 
Examples: 
  Galaxy  D (Mpc)      Type 
  M33     0.8            SA 
  M31                    0.8            SA 
  NGC 6822          0.5            IB 
  NGC 1613          0.7            IB 

>1400 cts in 100 ks 
Fig. 1.— Continuum-subtracted Hα image of M33 with the positions of SNRs and SNR
candidates indicated. Objects in yellow are objects with high [S II]:Hα ratios that were

detected in X-rays at greater than 2σ. Objects in red were also included in our target list
of SNRs, but were not detected at this level. The portion of M33 that was surveyed with

Chandra is indicated. Note that a few of the catalog objects were outside of the survey field.

Fig. 2.— A portion of the southern spiral arm of M33. The top panel is a three-color
rendition of the Chandra X-ray mosaic image (red: 0.35–1.1 keV; green: 1.1–2.6 keV; blue:

2.6–8.0 keV). The center panel is a three-color optical image from the continuum-subracted
LGGS data (red: Hα; green: [S II]; blue: [O III]). The bottom panel shows the continuum-
subtracted Hα image with the SNRs marked. In the center panel, SNRs generally appear

as green or yellow, while H II regions are generally magenta or red. The field measures
12.2′ × 5.8′ and is oriented N up, E left.

Left:  46 SNRs  
+ candidates 

(Sasaki et al. 2012)

Right: 137 SNRs  
+ candidates 

(Long et al. 2010)

Hundreds of SNRs in Local Group galaxies. 

In ~200 ks exposures of M33 with Chandra, ~half of SNRs 
were detected and only ~10% had sufficient counts to do 
spectral analysis. Most SNRs have not been “typed”. 

M31
M33



Supernova Remnants in 3D with Lynx
Observe young (ejecta-dominated) SNRs with 
micro-cal to determine mass, composition, 
motion of ejecta knots and shock physics 
(heating and equilibration timescale) 

 Cas A, G292.0+1.8, G11.2-0.3, G15.9+0.2, 
RCW 103, Kes 79, W49B, Kes 73, RCW 86, 
Tycho, Kepler, SN 1006, 3C 397, G344.7-0.1, 
G272.2-3.2 

Measure SNR expansions (via proper motions) 
and neutron star velocities using Chandra+Lynx 
  v =1000 km/s is 0.4” in 10 years for D = 5 kpc 

Spectra+proper motions give 3D structure of 
ejecta, key to probing explosion asymmetries 
and density distributions of ejecta and CSM.  

Ultimate aim: test SN models

DeLaney et al. 2010



Era of 3D CCSN Simulation
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Figure 4. Volume rendering of the entropy distribution in the full 3D unconstrained high-resolution simulation s27FH at 283ms after core bounce. The cyan
surface corresponds to the shock front and is at a specific entropy of 10k

B

baryon-1. The yellow regions are at specific entropies of ⇠ 16k

B

baryon-1 and the red
regions are at ⇠ 20k

B

baryon-1. They correspond to strongly neutrino-heated bubbles of hot gas that expand, pushing the shock outward locally and globally.
This results in a complicated shock morphology that is asymmetric on large scale and on small scale. This figure was produced using yt (Turk et al. 2011).

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

e

i <
h✏⌫̄

e

i < h✏⌫µ/⌧
i, and spectral hardening as a function of time.

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

neutrinos (Müller et al. 2012b), but the absence of inelastic
scattering is unlikely to make a qualitative difference to the
outcome of our simulations. Tamborra et al. (2014) have also
investigated 3D models of CCSNe using the s27 progenitor.
Our ⌫

e

and ⌫̄
e

luminosities and average energies are within
10% of those found by Tamborra et al. (2014), but our simu-
lations show a different hierarchy of luminosities than theirs,
with L⌫

e

< L⌫̄
e

. Our ⌫µ/⌧ luminosities are also about 25%
lower than those reported in Tamborra et al. (2014).

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

Roberts et al. (2016)

Figure 2

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

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

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

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

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

SASI-dominated episodes at least transiently.

14 Janka, Melson, & Summa

Janka et al. (2016)

3D core-collapse supernova simulation 5

400 km

400 km

C15-3D   300 ms

400 km

400 km

C15-3D   400 ms

400 km

Figure 4. Specific entropy (kB baryon

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

Lentz et al. (2016)

O’Connor & SMC, in prep.

From: Sean Couch
O’Connor & Couch, in prep

Using 3D explosions, simulators find: 
Large-scale compositional asymmetries 
Neutron stars kicks up to 1,000 km/s 
Light curves match observations
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Figure 4. Morphology of radioactive 56Ni-rich matter produced by explosive burning in shock-heated ejecta. The snapshots display isosurfaces
where the mass fraction of 56Ni (plus the neutron-rich tracer nucleus originating from matter with neutron excess) equals 3%. The isosurfaces
are shown for 3D models L15-le and L15-he at two di↵erent epochs: at t = 1.4 s after bounce, i.e. before the SN shock crosses the C+O/He
composition interface in the progenitor star, (left panels) and before the shock breakout from the stellar surface at the mapping epochs of
t = 111 350 s (middle panels) and 88 381 s (right panels), respectively. The upper row shows snapshots viewed along the x-direction, while
the lower row displays snapshots viewed along the y-direction. The colors give the radial velocity on the isosurface, the color coding being
defined at the bottom of the lower row. At the top of each panel in the upper row, we give the name of the model and the post-bounce time of
the snapshot. The size of the displayed volume and of the asymmetric structures can be estimated from the yardsticks given in the lower left
corner of each panel. One notices that the final asymmetry of the 56Ni-rich ejecta in (velocity) space exhibits a pronounced dipole component.

tion (L15 at 1.4 s post bounce) and the increased explosion
energy of model L15-he is the result of a subsequently im-
posed spherically symmetric constant neutrino-driven wind,
we find no significant di↵erences between the morphologies
of their 56Ni-rich ejecta (Fig. 4, middle and right panels).

The asymmetry of 56Ni-rich matter with a strong dipole
component in model L15-le di↵ers considerably from that of
the more energetic models L15-1-cw and L15-2-cw, which
are based on the same pre-SN star but have an explosion
energy of 1.75 B and 2.75 B, respectively (Wongwathanarat
et al. 2015). The model sequence L15-le, L15-1-cw, and
L15-2-cw, along which the explosion energy increases, re-
veals a clear correlation between the morphology of 56Ni-rich
matter and the explosion energy. These models demonstrate
that long-lasting phases of SASI activity tend to give rise to
more extreme asymmetries of the distribution of 56Ni-rich
ejecta, correlated with lower explosion energies, in which

case low-mode asymmetries have more time to grow during
shock revival before the explosion sets in.

During the propagation of the main shock before its break-
out, the shock deformation is imprinted on the ejecta and
determines the global morphology of the outer layers. To
measure the asphericity of the outer layers in the 3D simula-
tions of model L15-le, we approximated the photosphere by
an ellipsoidal surface for a density close to the photospheric
density found in the averaged 3D simulations. The maximum
ratio of the semiaxes for the approximation thus obtained at
1.86 days is 1.153.

3.2. Approach to homologous expansion

Homologous expansion occurs when the contributions of
pressure gradients and gravitational forces to the momentum
equation may be neglected. We show the approach of the
flow to homology for model L15-le in Fig. 5, which covers

Utrobin et al. 2017 
arXiv: 1704.03800

Morphology of radioactive 56Ni
in two 3D CC SN models

Colors represent velocities



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

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

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

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

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

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

While the artificial constraint to axisymmetry enforces a
collimation of large-scale flows parallel to the polar grid axis
and thus tends to favor a pronounced, dipolar deformation of
the explosion, the 3D asphericities appear less extreme and
seemingly less promising for high NS kicks. Nevertheless, the
inhomogeneities and anisotropies in the massive postshock shell
are sizable also in 3D. In fact, low spherical harmonics modes

A126, page 23 of 25
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SNR Asymmetries and NS Velocities 11

Fig. 4.— Images of the six SNRs for which we have robust measures of their explosion sites. The green arrow points from the explosion
site to the direction of the dipole moment. The white arrow points in the direction of NS motion.

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

as the dipole angle (toward the southeast), contrary to
the results from the other SNRs. The most likely rea-
son for this result is that RCW 103 is interacting with a
molecular cloud to the south (Frank et al. 2015), enhanc-
ing X-ray emission there. Thus, the ⇠0� angle di↵erence
may not reflect the relationship between the ejecta dis-
tribution and NS motion.
In addition, we note that the NS in RCW 103 has an

unusual 6.67-hour periodicity, whose formation history
is unknown (e.g., de Luca 2008; Tong et al. 2016; Ho
& Andersson 2017; D’Aı̀ et al. 2016). Thus, an unusual
explosion may have also a↵ected the relationship between
the bulk of the ejecta and the NS kick.

5. DISCUSSION

We find no correlation between the NS velocities and
the magnitude of the power-ratios in the 0.5–2.1 keV im-
ages. This result holds whether we adopt the center-of-
emission (Figure 2) or the explosion site (Figure 3) as the
origin of the multipole expansions. This finding implies
that the small-scale (elliptical and mirror) asymmetries
in the X-ray emission and the NS kicks may arise from
or be a↵ected by di↵erent processes. However, given the
limitations of the geometric method (see Section 3.3),
NS velocities estimated this way are not reliable (nine
sources in our sample). Therefore, it is necessary to ob-
tain more NS proper motion measurements before we can
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Fig. 9.—Smoothed ACIS-I image (0.3–8.0 keV) of SNR G127.1+0.5. North is up, and east is to the left. The brightness is scaled proportional to the logarithm
of the counts in 200 bins, smoothed with a Gaussian filter. The sources from Table 7 are labeled. [See the electronic edition of the Journal for a color version of
this figure.]

TABLE 4

X-Ray Sources in SNR G093.3+6.9

IDa CXOU Jb ! (J2000) " (J2000)

r90
c

(arcsec)

!Rd

(arcmin) CountsL CountsH CountsA

Counts

(0.5!2.0 keV) HRL,H
e

1................ 205222.8+552343 20 52 22.89 +55 23 43.7 0.5 3.5 310(20) 47(7) 360(20) 290(20) !0.73(0.04)

2................ 205230.9+551437 20 52 30.98 +55 14 37.5 0.6 6.4 270(20) 127(12) 390(20) 260(20) !0.35(0.05)

4................ 205225.8+552741 20 52 25.82 +55 27 41.6 1.3 7.4 47(7) 48(7) 93.9(10.2) 44(7) 0.01(0.11)

5................ 205222.0+551516 20 52 22.01 +55 15 16.9 0.8 5.3 20(5) 13(4) 33(6) 19(4) !0.20(0.18)

6................ 205231.3+552031 20 51 31.37 +55 20 31.6 1.4 6.1 14(4) 18(4) 32(6) 13(4) 0.13(0.19)

7................ 205250.2+551606 20 52 50.20 +55 16 06.6 1.5 6.8 23(5) 2.2(1.8) 25(5) 22(5) !0.83(0.14)

8................ 205242.1+551409 20 52 42.19 +55 14 09.8 1.6 7.5 17(4) 8.0(3.2) 25(5) 16(4) !0.36(0.21)

9................ 205226.4+551746 20 52 36.48 +55 17 46.0 0.7 4.2 11(3) 7.1(2.8) 18(4) 11(3) !0.19(0.24)

10.............. 205139.8+552553 20 51 39.85 +55 25 53.4 1.7 7.3 11(4) 11(3) 22(5) 9.3(3.5) !0.02(0.23)

13.............. 205242.2+552607 20 52 42.26 +55 26 07.1 1.8 6.9 9.3(3.3) 13(4) 22(5) 9.5(3.3) 0.16(0.23)

14.............. 205205.9+551758 20 52 05.96 +55 17 58.5 0.7 2.8 2.1(1.5) 9.2(3.2) 11(3) 2.1(1.5) 0.63(0.24)

15.............. 205209.8+551821 20 52 09.87 +55 18 21.2 0.8 2.2 7.4(2.8) 4.0(2.1) 11(3) 7.4(2.8) !0.30(0.30)

16.............. 205250.0+552025 20 52 50.09 +55 20 25.6 1.1 5.1 10(3) 1.4(1.5) 12(4) 10(3) !0.77(0.24)

17.............. 205212.6+551854 20 52 12.65 +55 18 54.4 0.6 1.6 3.2(1.8) 6.3(2.6) 10(3) 3.2(1.8) 0.33(0.31)

19.............. 205236.8+551528 20 52 36.89 +55 15 28.8 1.4 6.0 4.3(2.4) 8.4(3.0) 12(4) 3.2(2.1) 0.33(0.29)

24.............. 205152.2+552602 20 51 52.23 +55 26 02.7 1.8 6.4 7.7(3.0) 4.5(2.4) 12(4) 7.1(2.8) !0.26(0.30)

26.............. 205248.3+551422 20 52 48.32 +55 14 22.3 3.1 7.8 5.9(2.8) 5.3(2.6) 12(4) 5.9(2.8) !0.05(0.34)

30.............. 205129.7+551548 20 51 29.72 +55 15 48.5 3.0 7.9 5.1(2.6) 9.0(3.3) 14(4) 4.0(2.4) 0.28(0.29)

Notes.—Quantities in parentheses are 1 # uncertainties. Here and in Tables 5–7, CountsA ¼ CountsL þ CountsH , but the three columns have been rounded
separately. Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.

a Internal identifier of the form SNR G093.3+6.9:N.
b Official IAU name.
c Approximate 90% confidence radius.
d Angle from the center of the SNR.
e Hardness ratio, computed according to (CH ! CL)=(CH þ CL), where C is the number of counts in a band.

Measure Neutron Star Motion Relative to Ejecta

Comparison to SN models is useful to 
test models and the origin of neutron 
star kicks - ejecta asymmetries 
(ejecta and NS opposite) or  
anisotropic neutrino emission  
(ejecta and NS together)

Micro-cal makes identification of NSs easy by detecting 
lines from chromospheres. Spatial resolution is crucial to 
localize NSs and measure proper motions.Fig. 4.—DRAO 1.4 GHz radio image of SNR G084.2!0.8 (Taylor et al. 2003), showing the placement of the ACIS-I detector.

Fig. 5.—DRAO 1.4 GHz radio image of SNR G127.1+0.5, showing the placement of the ACIS-I detector.

Kaplan et al. 2004
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parameters for all explosion calculations is available at
the MPA-Garching archive 4.

In the remainder of the paper, the baryonic remnant
masses, the kinetic energies at infinity of the ejecta, and
the total iron-group synthesis are based upon the 1D
neutrino-powered explosions using P-HOTB. Only the
isotopic nucleosynthesis (of all elements including presu-
pernova mass loss) and the light curves are taken from
KEPLER.

4. EXPLOSION PROPERTIES

Inserting the standard “central engines” described in
§ 3 in the various presupernova stars resulted in a wide
variety of outcomes depending upon the properties of
each progenitor, especially its mass and compactness,
and the choice of 87A model used for the engine’s cal-
ibration (Fig. 13). Generally speaking, weaker central
engines like W20 gave fewer supernova than stronger en-
gines like N20.

This is an interesting point that warrants elaboration.
Not every model for 87A will give equivalent, or even nec-
essarily valid results when its central engine is inserted in
other stars. SN 1987A was a blue supergiant in a galaxy
with lower metallicity than the sun. All presupernova
models considered here, except those that lost their en-
velopes before exploding, are red supergiants with an
initially solar composition. The SN 1987A models, at
least those that made blue supergiant progenitors (Table
1), also used a di↵erent value for semi-convective mixing
that a↵ected the size of the carbon-oxygen core for that
mass (made the core smaller). One of the models, W18,
included rotation while the present survey does not. Our
calculations are 1D not 3D. Finally, one expects signif-
icant variations in presupernova core structure even for
two stars of very similar initial mass and presupernova
luminosity (Sukhbold & Woosley 2014).

The very similar results for “explodability” for models
N20, W18, W15 and S19.8 are thus welcome and suggest
a robustness to the answer than might not necessarily
have existed. They also justify the neglect of model set
W20 in the surveys of nucleosynthesis carried out in § 6.
Use of such a weak engine would grossly underproduce
the heavy elements, especially the light s-process (Brown
& Woosley 2013). A much larger supernova rate would
be required to make even abundant elements like silicon
and oxygen. The results obtained here for solar metal-
licity stars are also very similar to those of Pejcha &
Thompson (2015, their figure 12), who used a very dif-
ferent approach. Qualitatively, the outcome seems more
influenced by presupernova structure than details of the
central engine, provided that engine is su�ciently pow-
erful to explode many stars.

Models are normalized to SN 1987A here because it
was a well studied event with precise determinations for
its explosion energy and 56Ni mass as well as its progen-
itor properties. One could take a di↵erent tack and use
an even more powerful central engine than N20 in order
to achieve optimal agreement with the solar abundances.
That was not done here.

Also given in Fig. 14 is the fraction of successful super-
novae above a certain main sequence mass, but below 30
M�. Since heavier stars either fail to explode or explode
after losing their hydrogen envelopes, this would be the
fraction of Type IIp supernovae.

Fig. 13.— The explosion outcomes from the five di↵erent central
engines for SN 1987A (Table 1 and Table 3) are shown in compar-
ison. Successful explosions that make neutron stars are green, the
explosions that make black holes through fall back are light blue,
and the failures, which make black holes, are black lines. The cal-
ibrators are listed by the engine strength, weakest at the bottom.
Models heavier than 12.25M� were covered by these five engines,
all lighter models produced successful explosions by the Z9.6 engine
calibrated to Crab supernova.

Fig. 14.— The percentage of Type II supernovae above a given
main sequence mass for explosions using the Z9.6 and W18 or N20
engines. A Salpeter IMF has been assumed. Successful explosions
above 30 M� do not make Type II supernovae.

4.1. Relation to “Compactness”

The distribution of successful explosions in Fig. 13 is
not a simply connected set. The compactness parame-
ter as originally defined in O’Connor & Ott (2011) was
innovative for its emphasis on the non-monotonic out-
come expected for the deaths of stars of di↵erent masses,
but is by no means a unique descriptor. Any param-
eter that samples the density gradient outside the iron
core will correlate with explodability. Other measures
could be for example, the free fall time from a particular
mass shell, the mass enclosed by a fiducial radius, bind-
ing energy outside a fiducial mass, d(BE)/dr, the mass
where the dimensionless entropy equals 4, etc. Recently
Ertl et al. (2015) have shown that a physically based
two-parameter description of “compactness” can predict
explodability for the present set of models presented with
almost 100% accuracy (see Figure 6 of that paper). No

Sukhbold et al. 2016

Fates of Explosions



Jet-Driven Explosions
Theorists predict that a rapidly-
rotating progenitor can have jet-

driven explosions.  

Lynx imaging and micro-cal can 
look for segregation of iron from 

lighter elements as well as confirm 
that heavy elements are ejected at 

faster velocities.

Silicon ChromiumSulfur Iron

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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Supernova Remnants with Lynx
Study populations of SNRs in MW and nearby galaxies (LMC, SMC, 
M31, M33).  

In LMC and SMC especially, can do detailed studies with imaging 
and micro-cal similar to those of MW studies to get 3D structure, 
ejecta mass and composition, shock heating properties, particle 
acceleration properties, and associated neutron stars.  

Possibly measure expansion of LMC SNRs using Chandra to Lynx 
baselines: 
        v =5000 km/s is 0.5” in 24 years for D = 50 kpc
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Badenes et al. 2010:  
50 SNRs in LMC;  

23 in SMC



Magellanic Cloud SNRs 
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Example: N103B in LMC 

•  Type Ia SNR similar to Kepler 
  - strong evidence for CSM interaction 

•  Chandra studies show evidence for 
  spectral variations on multiple scales 

•  Arcsecond resolution required to probe 
  spectrum on physically important scales. 
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Magellanic Cloud SNRs

Evolution of SN 1987A, including the possible detection of a 
central neutron star - need sub-arcsecond resolution.

During the first two phases of evolution, the remnant
morphology in the X-ray band synthesized from the model
appears very similar to that observed. In particular, in the ring-
dominated phase, the morphology is characterized by bright
knots originating from the shocked clumps and resembles that
of SN 1987A (see Figures 4, 8, and online movie). In Figure 4
we compare the synthetic and observed morphology at two
different epochs (years 14 and 26). The ellipsoids overplotted
in the figure represent the projection of circles lying in the
equatorial plane of SN 1987A and fitting the position of the
maximum X-ray emission in the observations. Although the
extension of the X-ray source synthesized from the model

seems to be smaller than the observed one (suggesting a
modeled blast wave slightly slower than observed), the
synthetic maps fit those observed within an uncertainty of
10% (dashed lines). In particular, at year 14, the observations
show a bright knot at north–west that may indicate that the
observed blast wave is at a distance larger than that in our
model. On the other hand, the knot is also well beyond the
ellipsoid fitting the position of the forward shock in the
equatorial plane, suggesting that the knot is probably the result
of the interaction of the blast wave with some inhomogeneity at
some height above the equatorial plane. This feature could be
reproduced in our model considering, for instance, an over-
dense clump located well above the equatorial plane.
The remnant enters into the third phase (ejecta-dominated

phase) around year 32, when the contribution of shocked ejecta
to the soft X-ray emission becomes the dominant component
(see Figures 5–8). The reverse shock travels through the
innermost ejecta with higher densities. Now the emitting plasma
is characterized by a broad emission measure distribution that
peaks at kTe ≈ 1 keV and τ ≈ 5 × 1011 s cm−3; although it is
also characterized by few spikes with 1013U � s cm−3 due to the
interaction of high-density clumps of ejecta with the ring (see
lower panels of Figure 7 and right panel in Figure 8). The

Figure 8. Three-color composite images of the X-ray emission in the [0.5, 2] keV band integrated along the line of sight at the labeled times. Each image has been
normalized to its maximum for visibility and smoothed with a Gaussian of size 0.025 arcsec. The colors in the composite show the contribution to emission from the
different shocked plasma components, namely the ejecta (green), the ring (red), and the H II region (blue).
(An animation of this figure is available.)

Figure 9. As in Figures 5(b) and (c) for a model with envelope mass Menv = 17
Me, ejecta energy E 1.2 10 ergSN

51� q , and with the density profile of ejecta
in the high-velocity shell approximated by a power law with index 9B � �
(run SN-M17-E1.2-N9 in Table 3). The parameters of the CSM of this model
are reported in Table 4.

Table 4
Parameters of the CSM for the Hydrodynamic Model with α = −9

Best Approximating the X-Ray Lightcurves

CSM Component Parameters Units Best-fit Values

BSG wind: Mw˙ (Me year−1) 10−7

vw (km s−1) 500
rw (pc) 0.05

H II region: nH II (102 cm−3) 20
rH II (pc) 0.1

Equatorial ring: nrg (103 cm−3) 1
rrg (pc) 0.18
wrg (1017 cm) 1.7
hrg (1016 cm) 3.5

Clumps: ncl� § (104 cm−3) 1.3 ± 0.3
rcl� § (pc) 0.17 ± 0.015
wcl (1016 cm) 1.7
Ncl 40
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During the first two phases of evolution, the remnant
morphology in the X-ray band synthesized from the model
appears very similar to that observed. In particular, in the ring-
dominated phase, the morphology is characterized by bright
knots originating from the shocked clumps and resembles that
of SN 1987A (see Figures 4, 8, and online movie). In Figure 4
we compare the synthetic and observed morphology at two
different epochs (years 14 and 26). The ellipsoids overplotted
in the figure represent the projection of circles lying in the
equatorial plane of SN 1987A and fitting the position of the
maximum X-ray emission in the observations. Although the
extension of the X-ray source synthesized from the model

seems to be smaller than the observed one (suggesting a
modeled blast wave slightly slower than observed), the
synthetic maps fit those observed within an uncertainty of
10% (dashed lines). In particular, at year 14, the observations
show a bright knot at north–west that may indicate that the
observed blast wave is at a distance larger than that in our
model. On the other hand, the knot is also well beyond the
ellipsoid fitting the position of the forward shock in the
equatorial plane, suggesting that the knot is probably the result
of the interaction of the blast wave with some inhomogeneity at
some height above the equatorial plane. This feature could be
reproduced in our model considering, for instance, an over-
dense clump located well above the equatorial plane.
The remnant enters into the third phase (ejecta-dominated

phase) around year 32, when the contribution of shocked ejecta
to the soft X-ray emission becomes the dominant component
(see Figures 5–8). The reverse shock travels through the
innermost ejecta with higher densities. Now the emitting plasma
is characterized by a broad emission measure distribution that
peaks at kTe ≈ 1 keV and τ ≈ 5 × 1011 s cm−3; although it is
also characterized by few spikes with 1013U � s cm−3 due to the
interaction of high-density clumps of ejecta with the ring (see
lower panels of Figure 7 and right panel in Figure 8). The

Figure 8. Three-color composite images of the X-ray emission in the [0.5, 2] keV band integrated along the line of sight at the labeled times. Each image has been
normalized to its maximum for visibility and smoothed with a Gaussian of size 0.025 arcsec. The colors in the composite show the contribution to emission from the
different shocked plasma components, namely the ejecta (green), the ring (red), and the H II region (blue).
(An animation of this figure is available.)

Figure 9. As in Figures 5(b) and (c) for a model with envelope mass Menv = 17
Me, ejecta energy E 1.2 10 ergSN

51� q , and with the density profile of ejecta
in the high-velocity shell approximated by a power law with index 9B � �
(run SN-M17-E1.2-N9 in Table 3). The parameters of the CSM of this model
are reported in Table 4.

Table 4
Parameters of the CSM for the Hydrodynamic Model with α = −9

Best Approximating the X-Ray Lightcurves

CSM Component Parameters Units Best-fit Values

BSG wind: Mw˙ (Me year−1) 10−7

vw (km s−1) 500
rw (pc) 0.05

H II region: nH II (102 cm−3) 20
rH II (pc) 0.1

Equatorial ring: nrg (103 cm−3) 1
rrg (pc) 0.18
wrg (1017 cm) 1.7
hrg (1016 cm) 3.5

Clumps: ncl� § (104 cm−3) 1.3 ± 0.3
rcl� § (pc) 0.17 ± 0.015
wcl (1016 cm) 1.7
Ncl 40

11

The Astrophysical Journal, 810:168 (15pp), 2015 September 10 Orlando et al.

Orlando et al. 2015



Neutron Stars in the Magellanic CloudsWe have explored the possibility of studying large numbers 
of SNRs in the LMC in modest (~50 ks) exposures by 
putting Cas A in the LMC.

HDXI    6x20   0.1" PSF

Chandra  150 ks

Cas A in MW

XRS/Lynx  50 ks 
0.1” PSF 

6x20 configuration

Cas A in LMC

Find or set limits on neutron stars in the LMC/SMC SNRs 
Using modest (50 ks) observation, should see Cas A NS in 
LMC. Possible targets are oxygen-rich N132D and E0102. 

HDXI    3x15   0.5" PSFHDXI    3x10   0.5" PSF

HDXI    3x20   0.5" PSF HDXI    3x10   0.1" PSFHDXI    6x20   0.5" PSF

3.0e4
8.9e6
5.2e6

2.9e3
2.0e6
1.2e6

1.3e4
2.6e6
1.1e6

1.5e4
2.2e6
8.5e5

Cas A in LMC

Lynx 50 ks



Study populations of SNRs in MW and nearby galaxies 
(LMC, SMC, M31, M33).

Extragalactic SNRs 

7  October 2015 Patrick Slane                                               X-ray Vision Workshop 

Maggi et al. 2015 

•  Samples at known distance provide probe of intrinsic  
  differences between SNRs 

  - Probe properties for SNRs in arm/inter-arm/bulge regions 

  - Compare properties and demographics between galaxies 
     � Star formation rates  � Metallicities  � Masses 

•  For nearby galaxies, Surveyor  
  can resolve most SNRs 

  - Compare XMM: 80% EER ≈ 25” 

  - Lx = 1035 erg/s ! RHDXI ≈ 7 ct/ks 
    for middle-aged SNR spectrum 

•  Based on SNR size distribution 
  in LMC, many in nearby galaxies 
  would provide spatially-resolved 
  spectral characterization with 
  Surveyor. 

  - identify SNR types for much of 
        sample 

  - identify ejecta, nonthermal  
    emission, PWNe for many 

25” at LMC = 1” at 1.25 Mpc 
Examples: 
  Galaxy  D (Mpc)      Type 
  M33     0.8            SA 
  M31                    0.8            SA 
  NGC 6822          0.5            IB 
  NGC 1613          0.7            IB 

>1400 cts in 100 ks 

Fig. 1.— Continuum-subtracted Hα image of M33 with the positions of SNRs and SNR
candidates indicated. Objects in yellow are objects with high [S II]:Hα ratios that were

detected in X-rays at greater than 2σ. Objects in red were also included in our target list
of SNRs, but were not detected at this level. The portion of M33 that was surveyed with

Chandra is indicated. Note that a few of the catalog objects were outside of the survey field.

Fig. 2.— A portion of the southern spiral arm of M33. The top panel is a three-color
rendition of the Chandra X-ray mosaic image (red: 0.35–1.1 keV; green: 1.1–2.6 keV; blue:

2.6–8.0 keV). The center panel is a three-color optical image from the continuum-subracted
LGGS data (red: Hα; green: [S II]; blue: [O III]). The bottom panel shows the continuum-
subtracted Hα image with the SNRs marked. In the center panel, SNRs generally appear

as green or yellow, while H II regions are generally magenta or red. The field measures
12.2′ × 5.8′ and is oriented N up, E left.

M31
M33

Sasaki et al. 2012: 
46 SNRs + candidates Long et al. 2010: 

137 SNRs + candidates

Typical sizes:  
~3-30”  
(~10-100 pc) 

Expect  
~10 cts / ks 
for 1035 erg/s 

In M33:  
36 SNRs will 
have >1000 
counts in 100 ks 
Lynx exposure

Study populations of SNRs in MW and nearby galaxies 

Local Group SNRs
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Fig. 11. Cumulative X-ray luminosity function of SNRs in Local Group
galaxies. See text for details and references on how LX was measured
for each sample. The brightest SNR in each galaxy is marked by a
dot. The thin dotted lines are nonlinear least-square fits of a power law
(N(>LX) ∝ LX

α). Slopes α are given in the legend. These fits are only
used to characterise the slopes and illustrate the differences between
galaxies; they do not represent a physical fit of the population.

the median temperatures are kT = 0.31 keV for luminosi-
ties less than 1035 erg s−1, 0.55 keV between 1035 erg s−1 and
1036 erg s−1, and 0.8 keV above 1036 erg s−1. The luminosities
of M31 SNRs were given assuming kT = 0.2 keV; we scaled the
0.3 keV−8 keV luminosity up by 1.05, 1.20, and 1.35 for sources
with LX < 1035, 1035 < LX < 1036, and LX > 1036 erg s−1, re-
spectively. M33 SNRs were assumed to have a higher tempera-
ture (0.6 keV), which means that the luminosity of objects below
∼1035 erg s−1 was overestimated by about 15%, while for those
above 1036 erg s−1 it was underestimated by ∼8%. Correcting
for this effect ensures a meaningful comparison between M31,
M33, and the LMC.

The SMC SNR population is comparatively smaller.
van der Heyden et al. (2004) presented an X-ray spectral anal-
ysis of all SNRs in the SMC known at that time. We used their
best-fit models to measure the observed (i.e. absorbed) X-ray lu-
minosity in the same 0.3 keV−8 keV band19, except for IKT 16.
For this SNR we used results from Owen et al. (2011), which in-
cluded more data from subsequent XMM-Newton observations.
Three additional SNRs were covered with XMM-Newton; the
results were published in Filipović et al. (2008), from which
we borrowed the best-fit spectral models. The latter study also
reported a new SNR, HFPK 334. For this one, we used the
best-fit model from Crawford et al. (2014), which combined
XMM-Newton and Chandra observations. Also included is the
SNR XMMU J0056.5−7208 identified during the SMC survey
(Haberl et al. 2012b; Sturm 2012). Finally, the Be/X-ray binary
pulsar SXP 1062 was found to be associated to an SNR, of which
it is most likely the progenitor (Hénault-Brunet et al. 2012). The
thermal emission from the SNR was studied by Haberl et al.
(2012c). This sample of 19 SMC SNRs is the most up to date.

19 The luminosity given in van der Heyden et al. (2004), Table 3, for
IKT 22 (1E0102−7219, the brightest SMC SNR) was mistyped. Instead
of the 150 × 1027 W, it should read 1500 × 1027 W (1.5 × 1037 erg s−1).

Comparative study of SNR XLFs: the cumulative XLFs of
M31 and M33 in the 0.3 keV−8 keV band, corrected for the
kT − LX trend, are shown along that of the SMC and LMC in
Fig. 11. In terms of depth, the LMC XLF dominates. There is a
single SNR at LX < 2 × 1034 erg s−1 in M33 and in the SMC,
but the bright interior pulsar in the SMC case (SXP 1062) makes
the measurement of the thermal emission luminosity uncertain.
In contrast, there are eight SNRs with LX ! 2 × 1034 erg s−1 in
the LMC, of which seven were discovered or confirmed thanks
to XMM-Newton observations.

In terms of number, the largest population so far is found
in M33 (90 SNRs in X-rays), probably owing to the depth
of the Chandra survey (using 100 ks pointings) in the cen-
tral 15′, the overlap with a deep XMM-Newton survey up to
the D25 isophote, and the favourable (face-on) orientation of
M33. However, the population of M31 SNRs is larger than any
other at LX ! 5 × 1035 erg s−1 and is only limited by the
depth of the survey (∼1035 erg s−1). The ratio of M31-to-M33
SNRs in the 1035−1036 erg s−1 range is at most 1.5, i.e. sub-
stantially smaller than the mass ratio of the galaxies (10–20,
Corbelli 2003; Peñarrubia et al. 2014). This shows the effect of
the higher (recent) SFR in M33 compared to M31 (0.45 M⊙ yr−1

vs. 0.27 M⊙ yr−1, Verley et al. 2009; Tabatabaei & Berkhuijsen
2010) leading to a larger production of CC SNRs in M33. In
the same luminosity range, the number of LMC SNRs is com-
parable to that in M33. This is expected because the LMC is
only slightly less massive than M33. Furthermore, the recent
SFR of the LMC is high, 0.3–0.4 M⊙ yr−1 in the last 40 Myr
(Harris & Zaritsky 2009). This conspires with the high current
type Ia SN rate (Sect. 6.4) to build up the large population of
SNRs in the LMC. Finally, the “feather-weight” SMC (about
ten times less massive than the LMC, (Stanimirović et al. 2004;
Harris & Zaritsky 2006) has a smaller, yet decent population
of remnants, likely owing to its recent star formation activity
(0.08−0.3 M⊙ yr−1, Harris & Zaritsky 2004).

In terms of shape, the XLF of M31 SNRs is the most uni-
form, following a power law (N(>LX) ∝ LX

α) with α = −0.86±
0.04 down to ∼2 × 1035 erg s−1. This holds with or without in-
cluding the candidates, which means that most are indeed bona-
fide SNRs. The M33 remnants follow mostly the same distribu-
tion, with α = −0.76±0.05. Towards the faint end, the M33 XLF
flattens and diverges from the power law below 1035 erg s−1,
indicating incompleteness. Long et al. (2010) concluded that
no SNR brighter than 4 × 1035 erg s−1 was missed across the
surveyed field. It is likely that they were over-conservative and
that missing SNRs are only those which have luminosity below
1035 erg s−1. The combined ChASeM33 and XMM-Newton sur-
veys cover the total extent of the galaxy (Plucinsky et al. 2008;
Williams et al. 2015), so the missing SNRs are either too X-ray-
faint (below the surveys’ detection limits), or absent/undetected
at radio and optical wavelengths, precluding their identifications
as SNRs.

We performed Kolmogorov-Smirnov (KS) tests to compare
the different populations. Using a bootstrapping method, we pro-
duced 1000 luminosity functions from the original data. We
checked that similar results were obtained when increasing that
number to 106. Restricting the analysis to SNRs brighter than
3×1035 erg s−1 to ensure completeness of the samples, we found
that the XLFs of M31 and M33 SNRs follow the same distribu-
tion at the 3σ confidence level. There was a marginal indication
that the M33 distribution was steeper than that of M31 (Sasaki
et al. 2012), but this difference essentially disappears once the
kT − LX trend is taken into account.
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Can spatially resolve most SNRs within 1 Mpc and get spectra from 
many dozens - identify ejecta, non-thermal, and PWNe.  

Possible comparison of populations: e.g., compare SNR properties 
between galaxies, in different galactic environments and metallicities.

Extragalactic SNRs 
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Maggi et al. 2015 

•  Samples at known distance provide probe of intrinsic  
  differences between SNRs 

  - Probe properties for SNRs in arm/inter-arm/bulge regions 

  - Compare properties and demographics between galaxies 
     � Star formation rates  � Metallicities  � Masses 

•  For nearby galaxies, Surveyor  
  can resolve most SNRs 

  - Compare XMM: 80% EER ≈ 25” 

  - Lx = 1035 erg/s ! RHDXI ≈ 7 ct/ks 
    for middle-aged SNR spectrum 

•  Based on SNR size distribution 
  in LMC, many in nearby galaxies 
  would provide spatially-resolved 
  spectral characterization with 
  Surveyor. 

  - identify SNR types for much of 
        sample 

  - identify ejecta, nonthermal  
    emission, PWNe for many 

25” at LMC = 1” at 1.25 Mpc 
Examples: 
  Galaxy  D (Mpc)      Type 
  M33     0.8            SA 
  M31                    0.8            SA 
  NGC 6822          0.5            IB 
  NGC 1613          0.7            IB 

>1400 cts in 100 ks 

Local Group SNRs

Maggi et al. 2015



Supernova Types 
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Yamaguchi et al. 2014 

•  Understanding the demographics of SNRs 
  allows us to understand the progenitors, 
  how they evolved, and how they exploded. 

  - Step 1: Core-collapse or Type Ia? 

  - This can be determined with good spectra, 
     or by identifying accompanying NS/PWN 

  - Are there other ways (e.g., for fainter SNRs?) 

•  Moments of brightness distribution relative 
  to emission centroid are different for core- 
  collapse and Type Ia remnants 

  - High resolution/area for distant SNRs 

•  Fe-K flux/centroid is a diagnostic as well 

CC 
Ia 

Supernova Types 

7  October 2015 Patrick Slane                                               X-ray Vision Workshop 

Lopez et al. 2011 

•  Understanding the demographics of SNRs 
  allows us to understand the progenitors, 
  how they evolved, and how they exploded. 

  - Step 1: Core-collapse or Type Ia? 

  - This can be determined with good spectra, 
     or by identifying accompanying NS/PWN 

  - Are there other ways (e.g., for fainter SNRs?) 

CC 

Ia 

•  Moments of brightness distribution relative 
  to emission centroid are different for core- 
  collapse and Type Ia remnants 

  - High resolution/area for distant SNRs 

Typing enables constraints on progenitor scenarios, how/
where/when feedback is happening

Can type remnants based on the centroid of their Fe-K 
emission, on their X-ray morphology, and stellar populations in 
their vicinity.

Local Group SNRs



Conclusions
Chandra has revolutionized our view of supernova remnants: 
their explosive origins, shock heating, dynamical evolution, 
particle acceleration properties, and associated neutron stars.

Limitations of current facilities: challenges associated with 
gratings spectra of extended objects, sensitivity (and spatial 
resolution) to probe extragalactic populations

SN simulations are finally making predictions for chemical yields, 
spatial distribution and kinematics of metals, formation and kicks 
of neutron stars. X-ray data gives ability to test models in ways 
that cannot be done at any other wavelengths.

Lynx will give 3D structure of tens of SNRs and enable 
characterization of hundreds of SNRs in the Local Group - key to 
understanding explosion mechanisms and SN feedback


