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The Role of Chandra

!The Chandra X-ray Telescope offers a unique opportunity to look literally into 
stellar interiors.

! Chandra has observed ~90 SNRs in the Milky Way galaxy

! Lack of quantitative measures of the spatially- and spectrally-resolved X-ray 

morphology has hampered progress in this area                                                                             
L. A. Lopez -- FLASH 05/18/07                                                                                                                               

Credit: Chandra Catalog of Galactic Supernova Remnants

THE CLASSIFICATION OF SUPERNOVA REMNANTS J.Vink Supernova remants

Figure 4: The SNR morphological classification illustrated with examples. From top left to bottom right: a) The Cygnus
Loop, a shell-type SNR with a diameter of 3◦, as observed by the ROSAT PSPC instrument (Levenson et al., 1998), red
is very soft emission from ∼0.1-0.4 keV, green ∼ 0.5− 1.2 keV, and blue ∼ 1.2− 2.2 keV. b) 3C58, a plerion/pulsar
wind nebula, as observed by Chandra (Slane et al., 2004). The long axis of this object is ∼7′. c) The composite SNR Kes
75 as observed by Chandra (Helfand et al., 2003) with the inner pulsar wind nebula, which has a hard X-ray spectrum,
powered by the pulsar J1846-0258. The partial shell has a radius of ∼1.4′. The colors indicate 1-1.7 keV (red, Ne and Mg
emission), 1.7-2.5 keV (green, Si/S), and 2.5-5 keV (blue, mostly continuum emission from the pulsar wind nebula). d)
The “thermal-composite” SNR W28 as observed in X-rays by the ROSAT PSPC (blue) and in radio by the VLA (Dubner
et al., 2000). (Image credit: Chandra press office, http://chandra.harvard.edu/photo/2008/w28/more.html)
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A GRB in the Milky Way?
 One  SN / 40 years                                        

 Two CC / 100 years                                      

One Type 1b/c  / 200 
years                                     

A few % are bipolar or 
HNe = 1 / 10000 yrs                                   

~300 known SNRs                                        

~200 CC SNRs                                        

~50 Type 1 b/c SNRs                                      

~1 SNR was bipolar / 
HNe

So... How Do We Tell?



Two Examples of Jet-Driven 
Explosion SNRs

Lopez et al. 2013a Lopez et al. 2013d

W49B 0104-72.3



What Observables Are Expected 
from a GRB Remnant?

1. Bipolar / jet structure
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What Observables Are Expected 
from a GRB Remnant?

2. Jet should be enhanced in heavy metalsResults

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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What Observables Are Expected 
from a GRB Remnant?

2. Jet should be enhanced in heavy metals
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What Observables Are Expected 
from a GRB Remnant?

3. Near a molecular cloud

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
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What Observables Are Expected 
from a GRB Remnant?

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



What Observables Are Expected 
from a GRB Remnant?

5. No neutron star / pulsar
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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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What Observables Are Expected 
from a GRB Remnant?

6. Nucleosynthesis is different than spherical CC SN

 MFe ~ 0.80+/-0.60 Msun                                                         

➡ 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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Spherical models from Nomoto et al. 2006;  Aspherical models from Maeda & Nomoto 2003                                            
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Figure 6. Plot of mean abundances (by mass) and their 1σ range of values
relative to iron of silicon, sulfur, argon, and calcium. For comparison, we show
the abundance ratios predicted by models of four spherical explosions (from
Nomoto et al. 2006) and two aspherical explosions (from Maeda & Nomoto
2003).
(A color version of this figure is available in the online journal.)

(25A and 25B from Maeda & Nomoto 2003). Generally, asym-
metries in the explosion alter the chemical yield of bipolar ex-
plosions relative to typical CC SNe: while typical CC events
eject ∼0.07–0.15 M" of 56Ni, bipolar explosions have much
greater nickel yields which increase with asphericity, progen-
itor mass, and explosion energy (Umeda & Nomoto 2008).
The primary difference between the two aspherical models in
Figure 6 is their jet opening angles, θ : 25A has θ = 15◦ and
25B has θ = 45◦. For a fixed kinetic energy, larger θ means less
mechanical energy is released per unit solid angle, affecting the
luminosity of the explosion and the nucleosynthetic products.

The ratios we obtain for W49B agree better with the pre-
dictions of the aspherical models than those of the spherical
models. The Si/Fe of the aspherical model with larger opening
angle, θ = 45◦, is within ∼5σ range of our fit values, while the
spherical explosions have Si/Fe ! 17σ away from the measured
ratios. The S/Fe fit values are also within 2σ of the prediction
for the aspherical model with θ = 45◦ and within 4.5σ range
of that for the θ = 15◦ aspherical model, whereas the mea-
sured S/Fe is !10σ from the ratios of the spherical explosions.
For Ar/Fe, the θ = 45◦ model gives a value roughly equal to
our mean estimated Ar/Fe, and the θ = 15◦ model is ∼1.5σ
from the obtained value. By comparison, the spherical models
are !5σ from the measured Ar/Fe in W49B. Finally, both as-
pherical models give Ca/Fe ratios within the 1σ range of those
estimated in W49B, and the spherical models give values !1σ
above the measured means. Based on the results for each of
these four ratios, we find that a bipolar origin for W49B is most
consistent with the abundances found across the SNR.

To exemplify an SNR that has abundances consistent with
spherical model predictions, we measured Si/Fe and S/Fe in
several regions of G292.0 + 1.8, an SNR thought to be from a
spherically symmetric CC explosion within a complex CSM
(Park et al. 2004). We extracted spectra from 26 regions identi-
fied as ejecta substructures in Lopez et al. (2011) and modeled
these data as an absorbed, variable abundance plane-parallel
shocked plasma with constant temperature (with XSPEC model
components phabs and vpshock). We found mean abundance

ratios of Si/Fe ≈ 1.54 and S/Fe ≈ 0.62. These values are con-
sistent with the M = 25 M" and M = 30 M" spherical models
of Nomoto et al. (2006).

The recent 220 ks Chandra ACIS observation has facilitated
a detailed study of the ejecta and thermodynamic properties
across W49B, and the measured abundance ratios are close to
those predicted for a bipolar/jet-driven explosion of a 25 M"
progenitor. By contrast, these ratios are inconsistent with the
values for symmetric CC SNe of different explosion energies
and progenitor masses. Although the bipolar SN models do not
match the measured abundance ratios precisely, the available
models of aspherical CC SNe are limited, and the work presented
above demonstrates the need for more simulations exploring the
effects of asphericity, progenitor mass, and explosion energy on
nucleosynthetic yields.

In addition to its anomalous abundances, W49B has other
observational signatures consistent with a bipolar origin. The
X-ray line emission of W49B is the most elliptical and elongated
when compared to other young, X-ray bright SNRs (Lopez et al.
2009a), and the barrel shape of W49B is what would be expected
from a bipolar SNR if the jet was oriented near the plane of the
sky. Additionally, Fe xxv is morphologically distinct from the
lower-Z ions: the iron is more asymmetric and is segregated
from the lighter elements (Lopez et al. 2009b). Furthermore,
as the temperatures in the locations without prominent Fe xxv
emission are sufficient to produce that feature, the anomalous
distribution of Fe xxv likely arises from anisotropic ejection
of iron (Lopez et al. 2009b). The morphological differences of
iron from lower-Z elements are consistent with a bipolar origin:
the enhanced kinetic energy at the polar axis causes nickel to
be more efficiently synthesized there, while perpendicular to
the rotation axis, mechanical energy decreases, causing lower-Z
elements to also be ejected more isotropically (e.g., Mazzali
et al. 2005).

The environment of W49B is also suggestive of a massive
progenitor star that would be necessary for a Type Ic bipolar
explosion. Keohane et al. (2007) imaged W49B at near-infrared
wavelengths and found a barrel-shaped structure in 1.64 µm
[Fe ii] which they interpret to be coaxial rings from wind-blown
material of a massive star. These authors also found warm,
shocked H2 at 2.12 µm enclosing the SNR to the east and
southwest, while cooler 13CO gas has been detected north and
west of W49B (Simon et al. 2001). This molecular gas is likely
from the cloud where the massive progenitor of W49B formed.
Moreover, W49B is one of the most luminous SNR in GeV
gamma rays (Abdo et al. 2010), and the brightest SNRs at
these energies are interacting with molecular clouds because
pion decay of relativistic ions is most efficient when they are
accelerated in shocks advancing through dense material.

Finally, as the remnant of a bipolar/jet-driven explosion,
W49B might be expected to have formed a black hole or a
magnetar, and thus no neutron star or pulsar should be detected
in the source. From our 220 ks Chandra observation, we estimate
that any undetected neutron stars would have an upper limit
X-ray luminosity of LX < 3.7 × 1031 erg s−1 in the 0.1–10 keV
band (assuming a 0.5 keV blackbody). Figure 7 compares our
upper limit in W49B to current detections and upper limits of
thermal emission in nearby neutron stars (Kaplan et al. 2004;
Tsuruta et al. 2009). Furthermore, we plot model predictions of
neutron star cooling (from Page et al. 2006). For a 1000 year old
point source, the Page models predict total photon luminosities
at infinity of log L∞ ∼ 33.3–35. Thus, if W49B hosts a neutron
star, our limit requires the central source to be less luminous
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What Observables Are Expected 
from a GRB Remnant?

7. Kinematics
➡ Fe should be moving at faster speeds than Si       
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Fig. 5 Cas A future observation. Left: A simulated image of Cas A using a microcalorimeter array as en-
visaged for IXO; from Davis et al. (2010). Right: Simulated spectra from individual regions of the image
showing the Si-line region seen at 2.5 eV resolution The upper spectrum has v = 0 and a low ionization age;
the lower spectrum shows 1000 km s−1 blue-shifted lines from a more highly ionized plasma.

seen in the HETG data, Figure 4, bottom panel, with widths that are in good agreement with
velocities in the hydro-model. Further analysis of the HETG observations should allow de-
tailed line-shape fitting of a handful of bright Si and Fe lines to help constrain the emission
geometry.

4 Future X-Ray Obsevatories and SNRs

A major advance in SNR observations will be made as spectral imaging with high reso-
lution non-dispersive detectors becomes available, Figure 5; for further details see Ohashi
(this vol.). This new capability will be welcome in the X-ray domain and will allow studies
of Galactic and Magallanic cloud SNRs with 3D detail exceeding our current astounding
view of Cas A (DeLaney et al. 2010).

There is also a continued need for X-ray grating spectrometers in the low-energy range,
0.3 to 1.0 keV, see Paerels (this vol.). The CAT gratings (Heilmann et al. 2009) represent a
promising technology improvement with the weight and alignment advantages of a trans-
mission grating like the HETG (Canizares et al. 2005) along with the higher efficiency of a
reflection grating, e.g. the XMM-Newton RGS. Such a grating instrument complements the
microcalorimeters by measuring velocities and thermal Doppler broadening for low-Z and
Fe-L ions. Although optimized for a point source (SNe, GRBs), the spatial extent of a some-
what extended source can be included in the spectral analysis as has been demonstrated with
XMM-Newton and Chandra grating data (Rasmussen et al. 2001; Dewey 2002; Vink, et al.
2003).

Future kinematic measurements in all wavebands, including GWs and neutrinos, will be
combined with multi-dimensional simulations, modeling, and analyses (e.g., Dewey & Noble
2009; Steffen et al. 2010) to provide a rich picture of SNe/SNRs in the decades ahead.
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Is W49B a Jet-Driven Remnant?

1.  Bipolar / jet structure
2.  Jets enhanced in heavy metals
3.  A nearby molecular cloud
4.  Dense circumstellar material and cavity
5.  No neutron star / pulsar
6.  Nucleosynthesis differences from spherical CC
7.  Kinematics

➡ W49B was bipolar / jet-driven CC SN



Is 0104 a Jet-Driven Remnant?

1.  Bipolar / jet structure
2.  Jets enhanced in heavy metals
3.  A nearby molecular cloud
4.  Dense circumstellar material and cavity
5.  No neutron star / pulsar
6.  Nucleosynthesis differences from spherical CC
7.  Kinematics

➡ 0104 was bipolar / jet-driven CC SN



Jet-Driven Remnants

1.  Bipolar / jet structure
2.  Jets enhanced in heavy metals
3.  A nearby molecular cloud
4.  Dense circumstellar material and cavity
5.  No neutron star / pulsar
6.  Nucleosynthesis differences from spherical CC
7.  Kinematics
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