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Artist’s conception of a massive star 
cluster

RGB movie of Cas A from 
2000-2012 (Patnaude et al.)

Connect a supernova remnant to some sort of progenitor

THE GOAL:



Cas A: 1951 - 2014

Derived from Patnaude & Fesen (2014)
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Table 2
SNR Models

Bubble Size (pc) Blast Wave Radius (pc) Blast Wave Speed (km s−1) SNR Age (yrs)

0.0 2.37 5072 325
0.0 2.5 4930 350
0.1 2.5 4791 339
0.2 2.5 5007 331
0.3 2.5 5044 324

Laming & Hwang (2003) adopted a simpler approximation of
extending the envelope blast wave trajectory into the core phase,
and coupling it directly to the appropriate form of the blast
wave in the Sedov–Taylor limit, which occurs at a time tconn
(Equations (A10)–(A12) in Laming & Hwang 2003). We adapt
this procedure to the case with a bubble as follows.

While the ejecta envelope still interacts with the bubble wall,
the forward shock velocity is

vb(t) =
(

n − 3
n − s

)(
rb − rbub

t − tbub

)
= vb0 (t) =

(
n − 3
n − s

)
rb0

t0
,

(2)
giving

t = t0

rb0
(rb − rbub) + tbub (3)

where tbub is taken to be the time at which the forward shock
that is driven into the stellar wind exterior to the bubble has
been accelerated to vcore, which is the expansion velocity
of the ejecta at the core–envelope boundary. This time is
calculated from Equation (3.20) for the forward shock radius
in Chevalier & Liang (1989), by taking the time derivative
and equating it to vcore =

√
10 (n − 5) /3/ (n − 3) (in units

of 7090
√

E51/Mej km s−1, where E51 is the explosion energy in
1051 erg and Mej is the ejecta mass in solar masses) to give
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[

2ρv2
br

n−2
bub (n − 4)

(n − 3) KA

]1/(n−5)

. (4)

Here K = 0.8 [1 + 1.25/ (n − 5)](n−2)/3 for γ = 5/3 gas and A
is defined by the ejecta envelope density ρe = Ar−ntn−3 to give
A = (3/4π ) Mejv

n−3
core (n − 3) /n.

The initial positions of the contact discontinuity and reverse
shock in the bubble model, rcd and rr respectively, are estimated
as follows. When the same mass of circumstellar material has
been swept up in both the fiducial and bubble models, the ratio
of the densities of the shocked circumstellar gas is
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Equating this to
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)
yields
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The reverse shock position during the envelope phase is given
by

rr = rb − rbub

lED

+ vcoretbub. (7)

Table 3
Abundance Sets by Mass

Knot O Ne Mg Si S Ar Ca Fe

M4 0.941 0.006 0.017 0.009 0.003 0.002 0.022
M6 0.9092 0.0321 0.004 0.0306 0.0281
K4 0.783 0.187 0.030
K10 0.9260 0.0485 0.0143 0.0112
G3 0.9185 0.0408 0.0407
C10 0.711 0.1413 0.0875 0.0602

We use this expression in the core phase also, corrected at late
times to ensure that the reverse shock remains behind the contact
discontinuity.

Within this framework of analytic hydrodynamics, we com-
pute the evolution of the postshock ionization balance and elec-
tron and ion temperatures, using the prescriptions in Appendix B
of Laming & Hwang (2003). A summary of the SNR evolu-
tion models with various bubble sizes is given in Table 2. The
age of Cas A is constrained by observations of optical ejecta
knots, with the earliest possible explosion date assuming unde-
celerated ejecta knots being A.D. 1671.3 ± 0.9 (Thorstensen &
Fesen 2001), and that taking deceleration into account being
A.D. 1681 ± 19 (Fesen et al. 2006). Given these age constraints,
models with a bubble size of 0.2–0.3 pm appear to be the most
likely. Smaller bubbles require explosion dates earlier than 1671
to allow the blast wave to expand to the observed radius at its
observed velocity near 5000 km s−1. Larger bubbles correspond-
ingly require later explosion dates, but are convincingly ruled
out by the work of Schure et al. (2008).

4. RESULTS AND DISCUSSION

4.1. Introduction

We present models for a variety of elemental abundances
as given in Table 3, which are chosen to illustrate the range of
compositions encountered in our study. While higher concentra-
tions of heavy elements increase the radiative losses and allow
faster cooling, this is only important once the plasma electron
temperature is well below 107 K, which is outside the range
of temperatures that we study here. Measured temperatures and
ionization ages for knots in all the radial series are shown in
Figure 3 against models including bubbles of radii 0, 0.2, and
0.3 pc calculated with the M4 set of abundances from Table 3.
The effect of the varying element abundance on the predicted
temperatures and ionization ages is illustrated in the final pan-
els of the same figure, where we also show the N series with
models for the K10 and C10 sets of abundances, which bracket
the range of abundances considered in the models. The model
curves are seen to be generally similar.

Hwang & Laming (2009)

Spectroscopically, a small 
cavity around the Cas A 
progenitor is required in 
order explain observed Te 
and net

Derived from Patnaude & Fesen (2014)
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van Veelen et al (2009)

Hydrodynamical simulations 
suggest that no ( < 5K year) 
WR phase is required in 
order to explain the 
dynamics of the FS and RS

Derived from Patnaude & Fesen (2014)
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Figure 11. 3D spatial distribution of Cas A shocked Fe (blue) and Si/S (green) derived from run CAS-15MS-1ETA (see Table 5). Panels (A) and (C) show the 3D
distribution assuming the vantage point at Earth (the perspective is in the plane of the sky); panels (B) and (D) show the same perspective but with the vantage point
from behind Cas A (namely, the perspective is rotated by 180° about the northsouth axis); panels (E) and (F) show the distribution from arbitrary points of view. The
transparent image in the upper panels ((A) and (B)) is a Chandra observation showing the hot shocked plasma in the wavelength band [0.3, 10] keV (retrieved
from www.nasa.gov); the transparent image in the middle panels ((C) and (D)) is a composite Hubble Space Telescope (HST) image sensitive to emission in cold O
and S lines (retrieved from www.spacetelescope.org). The transparent red sphere marks the fiducial reverse shock; the transparent plane in panels (E) and (F)
represents the plane where the initial Fe-rich anisotropies lie; the yellow line in panels (E) and (F) shows the direction of propagation of the Si-rich jet and counterjet.
Refer to Movie 1 for an animation of these data.

(An animation of this figure is available.)
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Model predicts ~ 0.1Msun 
of unshocked Fe - 
considerably more than 
expected from Hwang & 
Laming (2012)

Orlando et al (2016)

Derived from Patnaude & Fesen (2014)
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Derived from Patnaude & Fesen (2014)
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XMM-Newton spectra reveal 
an excess of nitrogen and 
oxygen, suggestive of a WR 
progenitor (Castro et al. 2012)

RX J1713-3946:
High shock speed relative to 
its age suggests that this 
SNR resulted from a SN Ib/c 
(Katsuda et al. 2015)



Patnaude et al. (2012) ApJ 756, 6

KEPLER’S SNR

Chiotellis et al. (2011)

Morphology is well modeled as 
a SN expanding into a dense 
wind from an AGB companion



Morphology and position above 
Galactic plane suggests a systemic 
velocity of ~ 200 km s-1, into an ISM 
with namb ~ 10-3 - 10-4 cm-3

Uncertainty in distance leads to a 
stagnation radius of r0 = 2-4 pc

Patnaude et al. (2012) ApJ 756, 6

KEPLER’S SNR
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Figure 2. Left: Chandra ACIS-S spectrum of the pie-sliced region of Kepler’s SNR shown in Figure 1. For reference, we mark the positions of several Kα lines that
are used in the analysis. Right: spectral fit to the 1.7–7.0 keV spectrum of the pie-sliced region shown in Figure 1. The fit parameters are listed in Table 1, and the
positions of the Kα lines are also marked. In both figures, the data are unbinned (1024 PHA channels).

computed using CalDB version 4.1.3. The broadband spectrum
(Figure 2, left) shows significant emission from both Fe L and
Fe K (Reynolds et al. 2007). Given the complexity of the Fe
L emission at ∼1 keV, we focus only on those emission lines
above 1.5 keV, as they are well separated from neighboring
lines. To measure the emission line centroids, we modeled the
spectrum as a power-law continuum with a series of Gaussians
for each emission line. The spectral fit is shown in Figure 2
(right). We chose to model the continuum as a power law since
Cassam-Chenaı̈ et al. (2008) showed that much of the continuum
emission in Kepler is nonthermal in nature (see Figures 6 and
8 of Cassam-Chenaı̈ et al. 2008). For the spectral fits, we used
XSPEC Version 11.3.2ag. We used a region nearby the SNR
for a local background subtraction. Since we are only fitting
the data above ∼1.5 keV, we do not include absorption in our
spectral fits. Reynolds et al. (2007) found an absorbing column
of NH = 5.2 × 1021 cm−2 by fitting featureless regions along
the remnant’s rim to an absorbed srcut model. Fitting only
the data above 1.5 keV, we were unable to constrain the column
density. However, in the subsequent sections where we compare
our hydrodynamical and spectral models to the data, we assume
a column of 5.2 × 1021 cm−2 so that we may compare the
computed X-ray emission below 1.5 keV directly to the data.

The results of our centroid fits are listed in Table 1. The key
results in Table 1 are the line centroids, and in the subsequent
discussion we will focus on the line centroids of Si Kα, S Kα,
and Fe Kα. We also point out in Figure 2 (right) that there is
little emission at 2 keV from Si xiv Lyα. This is confirmed in
our spectral analysis where we are only able to set an upper limit
on the Si xiv Lyα emission from shocked ejecta in the south.
The lack of emission at this energy will be used to constrain the
CSM structure and density.

3. HYDRODYNAMICAL MODELING

In this section, we present results from a modeling effort
where we have coupled the hydrodynamics to a nonequi-
librium ionization calculation to produce joint spectral and

Table 1
Spectral Parameters in Kepler’s SNR

Parameter Fitted Valuea

Power-law continuum

α 2.67+0.06
−0.01

Norm (10−3 photons cm−2 s−1 at 1 keV) 1.90+0.20
−0.02

Line fluxes (10−5 photons cm−2 s−1)

Si Kαb 49.9 ± 0.20
Si xiv Lyα <4.70 ± 0.47
Si Kβ 5.64 ± 0.30
S Kα 13.5 ± 0.30
Ar Kα 1.19 ± 0.16
Ca Kα 0.38 ± 0.07
Fe Kα 3.84 ± 0.14

Line centroids (keV)

Si Kα 1.848+0.003
−0.002

Si Kβ 2.190+0.004
−0.003

S Kα 2.425+0.007
−0.006

Ar Kα 3.077+0.005
−0.006

Ca Kα 3.799+0.010
−0.010

Fe Kα 6.450+0.010
−0.008

Line width (eV)

Si Kα 25.9+0.5
−1.0

Si Kβ 62.2+3.0
−3.2

S Kα 35.9+1.5
−1.0

Ar Kα 36.0+6.7
−5.5

Ca Kα 57.9+13.0
−12.0

Fe Kα 83.0+4.4
−5.1

Notes.
a Errors correspond to 90% confidence intervals.
b Kα emission here refers to all allowed transitions to the ground state.

3

Use progenitor parameters derived 
from north to model X-ray emission 
and dynamics of south

KEPLER’S SNR



DDTa

DDTg

Model SNR ejecta with Type Ia 
DDT models (1.4Msun C+O WD) 
evolving into an isotropic wind 
with parameters determined from 
CSM interaction

KEPLER’S SNR



Patnaude et al. (2012) ApJ 756, 6

Model SNR ejecta with Type Ia 
DDT models (1.4Msun C+O WD) 
evolving into an isotropic wind 
with parameters determined from 
CSM interaction

Use ejecta abundances and 
internal energy of shocked 
material to compute X-ray 
spectrum

KEPLER’S SNR



Lack of Fe emission from DDTg 
models rules these models out for 
Kepler Patnaude et al. (2012) ApJ 756, 6

Model SNR ejecta with Type Ia 
DDT models (1.4Msun C+O WD) 
evolving into an isotropic wind 
with parameters determined from 
CSM interaction

Use ejecta abundances and 
internal energy of shocked 
material to compute X-ray 
spectrum

KEPLER’S SNR



Line Centroids:

Patnaude et al. (2012) ApJ 756, 6

Use ejecta abundances and 
internal energy of shocked 
material to compute X-ray 
spectrum

Model SNR ejecta with Type Ia 
DDT models (1.4Msun C+O WD) 
evolving into an isotropic wind 
with parameters determined from 
CSM interaction

KEPLER’S SNR



Introduce a fiducial cavity of size 
~ 1017 cm and density ~ 0.1 cm-3 
around DDTa models

Patnaude et al. (2012) ApJ 756, 6

Model SNR ejecta with Type Ia 
DDT models (1.4Msun C+O WD) 
evolving into an isotropic wind 
with parameters determined from 
CSM interaction

Use ejecta abundances and 
internal energy of shocked 
material to compute X-ray 
spectrum

KEPLER’S SNR



Patnaude et al. (2012) ApJ 756, 6

Introduce a fiducial cavity of size 
~ 1017 cm and density ~ 0.1 cm-3 
around DDTa models

Model SNR ejecta with Type Ia 
DDT models (1.4Msun C+O WD) 
evolving into an isotropic wind 
with parameters determined from 
CSM interaction

Use ejecta abundances and 
internal energy of shocked 
material to compute X-ray 
spectrum

KEPLER’S SNR



Best fit models imply SN 1991T-
like event

Patnaude et al. (2012) ApJ 756, 6

For these models RFS ~ (Lw)2/5

KEPLER’S SNR



Best fit models imply SN 1991T-
like event

Patnaude et al. (2012) ApJ 756, 6

For these models RFS ~ (Lw)2/5

KEPLER’S SNR

see also Katsuda et al. (ApJ 2015, 808 49)



⇒ DSNR ≈ 7 kpc

-2.5 -19.8 ~3
↓ ↓ ↓

Best fit models imply SN 1991T-
like event

For these models RFS ~ (Lw)2/5

KEPLER’S SNR



Artist’s conception of a massive star 
cluster

RGB movie of Cas A from 
2000-2012 (Patnaude et al.)

Do progenitor models produce the bulk observables of 
supernova remnants?

THE GOAL:



• Spectral qualities 

• line centroids 

• line ratios 

• luminosites 

• Dynamical qualities 

• expansion velocity 

• remnant size 

• Environment
Yamaguchi et al. (2014)
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• Spectral qualities 

• Line luminosities are 
uniformly distributed 
across both Ia and CC 
types 

• Line centroids show a 
clear bifurcation between 
SN types
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• Progenitor and Supernova Model 

• use KEPLER code (e.g., Heger & Woosley) for 
stellar evolution and piston driven explosion 

• standard r-2 circumstellar environment 

• Supernova Remnant Model 

• ChN cosmic-ray hydrodynamics code (see talk 
by Herman Lee)

Model Ingredients



• Can simulate SNe dynamics 
to ages of SNRs for a range 
of CSM parameters

• Ia’s (DDTa & DDTg):

• n0 = 0.1 - 3.0 cm-3

• CCSNe (S12D, S25D, 
1987A, & 1993J):

• Mdot = 1-2×10-5 Msun yr-1

• vw = 10-20 km s-1

• Use Ia models as a sanity 
check Patnaude et al. (2015)
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• Majority of CCSNR are 
consistent with CCSNe 
models

• Outliers can be explained

• Cas A: overturned ejecta

• W49B: Energetic, jet-
driven explosion

• N132D/IC443: Interacting 
with large amounts of MC 
material

WHAT ABOUT CCSNE?
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• Modeled SNR radii are 
consistent with observed radii 
in SNR, but generally the Fe-K 
luminosity vs radius shows that 
the models are underestimating 
LFe-K

• Rb ∝M-(1/(n-s))

• LX ∝M2

• Large increases in M result 
in an increase in LX without 
significantly changing Rb

• Several SNe show evidence for 
eruptive pre-SN mass loss 
(e.g., SN 2009ip)

Sgr A East

Cas A

SN 1987A

W49B N132D

N63A

N49

G350.1-0.3

G0.61+0.01

G349.7+0.2

IC 443

G292.0+1.8.

.

.

WHAT ABOUT CCSNE?

Patnaude et al. (2015)



• Isotropic mass loss implies a 
steady decline in the X-ray 
luminosity 

• X-ray light curves show strong 
evidence for departures from 
steady mass loss 

• see poster by V. Dwarkadas 
(S1.5) for more details

L ~ 1/t

Dwarkadas & Gruszko (2012)

X-RAY LIGHT CURVES OF SNE



X-RAY LIGHT CURVES OF SNE

Dwarkadas & Gruszko (2012)

• Isotropic mass loss implies a 
steady decline in the X-ray 
luminosity 

• X-ray light curves show strong 
evidence for departures from 
steady mass loss 

• see poster by V. Dwarkadas 
(S1.5) for more details 

• Light curves argue for long 
term monitoring of X-ray SNe 
to probe CSM properties



LOOK TO SNE TO UNDERSTAND MASS LOSS

SN 2014C transitioned from a Ib 
to a IIn ~ 1 year after explosion. 
The transition was driven by the 
interaction between the blast 
wave and a dense CSM shell 
ejected from the progenitor ~ 500 
yr before CC

Margutti et al (2016)



LOOK TO SNE TO UNDERSTAND MASS LOSS

SN 2014C transitioned from a Ib 
to a IIn ~ 1 year after explosion. 
The transition was driven by the 
interaction between the blast 
wave and a dense CSM shell 
ejected from the progenitor ~ 500 
yr before CC

Other SNe show evidence for 
episodic mass loss prior to core 
collapse (2009ip; 2010mc; 
2001em)

Margutti et al (2016)



Pulsational driven super-
winds can enhance mass 
loss in early stages of 
massive star evolution

Yoon & Cantiello (2010)

Mass loss prior to core 
collapse is not enhanced 
and the PDSW cannot 
explain enhanced CSM 
interaction in SNe

MECHANISMS FOR ENHANCED MASS LOSS
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Convection driven instabilities 
can lead to the ejection of 
envelope material with 
masses 10-2 - 10-1 Msun a few 
years before CC (Shiode & 
Quataert; 2014)

MECHANISMS FOR ENHANCED MASS LOSS



Sgr A East

Cas A

SN 1987A

W49B N132D

N63A

N49

G350.1-0.3

G0.61+0.01

G349.7+0.2

IC 443

G292.0+1.8

Episodic mass loss prior 
to core-collapse may 
lead to increased 
ionization and higher 
line luminosities at much 
later times

MECHANISMS FOR ENHANCED MASS LOSS



• Models should encode both the dynamics and 
spectral properties of the SNR 

• Kepler’s SNR is the result of a 1991T-like event 

• Models for core-collapse supernova progenitors can 
broadly reproduce Fe-K line emission and luminosity 

• Episodic mass-loss from convection driven 
instabilities may explain observed enhanced Fe-K 
emission

CONCLUSIONS



MEETING ANNOUNCEMENT

The Chandra X-ray Observatory continues to provide stunning and revolu-
tionary insights into the high energy Universe and almost all branches of 
astrophysics. Following a very positive outcome from recent engineer-
ing studies, the Chandra mission is planning and looking forward to at 
least ten more years of operations. This workshop will draw on the depth 
and breadth of community expertise to envisage the future of Chandra 
science: the major advances yet to be achieved, the multi-wavelength 
opportunities future ground-based and space-based facilities will offer, 
and the perspectives on a “big data” archive expected to accumulate 
more than two decades’ worth of exquisite X-ray imaging and spectros-
copy.  In exploring the discoveries Chandra has yet to make, we will hone 
the scientific requirements and priorities for future X-ray missions.

We invite the astrophysics community to come and celebrate the 
ongoing success of Chandra and to help define “Chandra Science for 
the Next Decade”.

http://cxc.harvard.edu/cdo/next_decade2016/ 
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Deadline for regular conference registration ($280 USD) is Thu, June 30, 2016.
Late registration ($330 USD) will be open until Fri, July 15th, 2016.


