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SNR Evolution vs CSM Properties for fast and slow outflows (Patnaude 
& Badenes 2017; Springer Handbook of Supernovae)

• SNe probe the last 50-100 years of progenitor evolution 
• SNR sample a much earlier phase of evolution, but late 
evolution can definitely impact what we observe today, and 
how we interpret it
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Evolution of Cas A (from Patnaude & Fesen; 2014)

Example HR Diagram with massive 
star evolution (credit: J. Imamura)

Goal is to connect a supernova 
remnant back to a progenitor
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Generally, we look at specific qualities 
of an individual SNR to infer properties 

of the progenitor…
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CAS A:

• Youngest known Galactic CC SNR

Chandra RGB image of Cas A
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CAS A:

• Youngest known Galactic CC SNR
• Cas A progenitor likely went through 

a short (< 10kyr) W-R phase

Chandra RGB image of Cas A
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CAS A:

• Youngest known Galactic CC SNR
• Cas A progenitor likely went through 

a short (< 10kyr) W-R phase
• ionization state of shocked ejecta 

reveals properties of progenitor 
evolution

Chandra RGB image of Cas A
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CAS A:

• Youngest known Galactic CC SNR
• Cas A progenitor likely went through 

a short (< 10kyr) W-R phase
• ionization state of shocked ejecta 

reveals properties of progenitor 
evolution

• Measured abundances constrain 
nucleosynthesis during stellar 
evolution and core-collapse

Chandra RGB image of Cas A
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RX J1713-3946:
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XMM-Newton image of RX J1713 with CO radio 
contours overlaid (Katsuda et al. 2015)

Thermal emission suggests: 
• blastwave expanding in a 

low density cavity 
• abundances infer a low 

mass (< 20 Msun) 
• Progenitor likely lost much of 

its mass through binary 
interaction
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What do SN progenitors look like as 
SNRs?

Goal is to connect a supernova 
remnant back to a progenitor
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Example HR Diagram with massive 
star evolution (credit: J. Imamura)

Goal is to connect a supernova 
remnant back to a progenitor

•Perform detailed numerical simulations of an 
individual object from tcc to tsnr 
•computationally expensive 
•only been performed for Cas A and 1987A 

•Look at properties of SNR as a class and 
compare to properties of progenitors
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BULK SNR PROPERTIES
The Astrophysical Journal Letters, 785:L27 (5pp), 2014 April 20 Yamaguchi et al.

Table 1
List of the SNRs Where Fe Kα Emission is Detecteda

Nameb Obs. ID Exposure Energy Photon Flux NH
c Distance Radius Age BGDd Refs.e

(ks) (eV) (10−5 cm−2 s−1) (1022 cm−2) (kpc) (pc) (yr)

Type Ia SNRs and Candidates

Kepler 5050920[1–7]0 574 6438 ± 1 34.6 ± 0.2 0.5 4.8 2.4 410 (1) 1

3C 397† 505008010 69 6556+4
−3 13.7 ± 0.4 3.0 10.3 10.5 1500–5500 (2) 2, 3

Tycho∗ 5030850[1,2]0 416 6431 ± 1 61.0 ± 0.4 0.7 2.8 3.4 442 (2) 4, 5

RCW 86† (See notes) 378 6408+4
−5 14.0 ± 0.7 0.3 2.5 16 1829 (3) 6

SN 1006∗ (See notes) 317 6429 ± 10 2.55 ± 0.43 0.07 2.2 10 1008 (3) 7

G337.2–0.7 507068010 304 6505+26
−31 0.21 ± 0.06 4.0 9.3 8.1 5000–7000 (2) 8

G344.7–0.1† 501011010 42 6463+9
−10 4.03 ± 0.33 5.0 14 16 3000–6000 (2) 9

G352.7–0.1† 506052010 202 6443+8
−12 0.82 ± 0.08 2.6 7.5 6.0 ∼5000 (2) 10

N103B† 804039010 224 6545 ± 6 2.15 ± 0.10 0.06 50 3.6 ∼860 (2) 11, 12

0509–67.5∗ 5080720[1,2]0 329 6425+14
−15 0.32 ± 0.04 0.05 50 3.6 ∼400 (2) 12, 13

0519–69.0∗ 806026010 348 6498+6
−8 0.93 ± 0.05 0.06 50 4.0 ∼600 (2) 12, 14

Core-collapse SNRs and Candidates

Sgr A East∗ (See notes) 88 6664 ± 3 22.3 ± 1.0 10 8.5 3.7 ∼4000 (2) 15

G0.61+0.01† 100037060 77 6634+14
−12 3.3 ± 0.5 16 8.5 5.0 ∼7000 (2) 16

W49B 50308[4,5]010 114 6663 ± 1 109 ± 1 5.0 8.0 5.8 1000–3000 (2) 17

Cas A∗ 100043020 7 6617+3
−2 435 ± 9 2.0 3.4 2.7 310–350 (2) 18

IC 443 5070150[1–4]0 368 6674+10
−13 6.01 ± 0.59 0.6 1.5 10 4000–30000 (3) 19

G292.0+1.8∗ 506062010 44 6585+27
−28 1.38 ± 0.35 0.5 6.2 11 ∼3000 (3) 20

G349.7+0.2 506064010 160 6617+7
−6 2.92 ± 0.18 7.0 11.5 4.0 ∼3500 (2) 21, 22

G350.1–0.3∗ 506065010 70 6587+11
−10 2.24 ± 0.23 3.7 4.5 1.3 ∼900 (2) 23

N49† 807007010 185 6628+29
−26 0.18 ± 0.04 0.06 50 8.5 ∼6600 (2) 24

N63A 508071010 82 6647+16
−17 0.86 ± 0.12 0.06 50 10 2000–5000 (2) 25

N132D (See notes) 86 6656 ± 9 1.83 ± 0.17 0.06 50 13 ∼3150 (2) 26

SN 1987A∗ 707020010 81 6646+55
−54 0.19 ± 0.08 0.06 50 0.2 27 (2) 27

Notes. Observation ID—RCW 86: 503004010, 501037010, 503001010, 503002010, 503003010, 503004010; SN 1006: 500016010, 500017010, 502046010;
Sgr A east: 100027010, 100037040, 100048010; N132D: 105011010, 106010010, 106010020.
a The uncertainties are in the 90% confidence range.
b The asterisks (∗) indicate the SNRs for which classification is robust from a known association with a compact object, light echo spectroscopy, and/or
detailed modeling of the ejecta emission. Daggers (†) indicate that the progenitor type of these SNRs is controversial or unknown.
c Absorption column density with the solar elemental composition (Wilms et al. 2000). For the LMC SNRs, only the Galactic component (Dickey & Lockman
1990) is shown, but the absorption in the LMC (!1021 cm−2) does not affect the spectra above 5 keV.
d Background subtraction method we applied (see text in Section 2).
e Representative references: (1) Reynolds et al. 2007; (2) Chen et al. 1999; (3) Safi-Harb et al. 2005; (4) Badenes et al. 2006; (5) Tian & Leahy 2011;
(6) Williams et al. 2011; (7) Yamaguchi et al. 2008; (8) Rakowski et al. 2006; (9) Yamaguchi et al. 2012; (10) Giacani et al. 2009; (11) Lewis et al. 2003;
(12) Rest et al. 2005; (13) Warren & Hughes 2004; (14) Kosenko et al. 2010; (15) Koyama et al. 2007b; (16) Koyama et al. 2007a; (17) Keohane et al. 2007;
(18) Hwang & Laming 2012; (19) Troja et al. 2008; (20) Park et al. 2004; (21) Lazendic et al. 2005; (22) Tian & Leahy 2014; (23) Gaensler et al. 2008;
(24) Park et al. 2012; (25) Warren et al. 2003; (26) Borkowski et al. 2007; (27) Maggi et al. 2012.

controversial types. Both RCW 86 and G344.7–0.1 were once
considered to be CC SNRs (e.g., Vink et al. 1997; Lopez et al.
2011), but recent observations have suggested their Ia origin
(e.g., Williams et al. 2011; Yamaguchi et al. 2012). The latter
is supported by our study. The Fe Kα centroid of the Ia SNR
G337.2–0.7 (Rakowski et al. 2006) falls a bit outside the range
of our theoretical models, but this is not surprising given the
estimated age (5000–7000 yr). Giacani et al. (2009) suggested
that the highly absorbed SNR G352.7–0.1 might have been a
CC event, but its Fe Kα centroid puts it squarely in the Ia region.
The Fe Kα centroid for G1.9+0.3 reported by Borkowski et al.
(2013) also falls within the Ia region, supporting the typing of
this SNR by Borkowski et al. (2010). Likewise, several SNRs
suspected to be of a CC origin without confirmed associations
with compact objects (e.g., G0.61+0.01: Koyama et al. 2007a;
N49: Park et al. 2012; N63A: Warren et al. 2003; N132D:

Borkowski et al. 2007) fall clearly in the CC region due to
their high centroid energies. From the Fe Kα centroid alone,
the classification for 3C 397 and N103B is somewhat unclear.
We emphasize, however, that the observed Fe Kα parameters of
both SNRs can be well reproduced by our Ia SNR models. If
3C 397 is indeed a Type Ia remnant (as suggested by Chen et al.
1999), it should be relatively old (!3000 yr) and has evolved
in a high-density interstellar medium (∼5 × 10−24 g cm−3),
given the comparison with our model plots. These values are
consistent with the estimates of Safi-Harb et al. (2005), although
a CC origin was suggested in their work. The explosion type
of N103B has also been a matter of controversy (e.g., van der
Heyden et al. 2002; Lewis et al. 2003), but we favor the Ia
hypothesis, based on the high maximum luminosity of its parent
explosion inferred from the light echo data (Rest et al. 2005), in
addition to the properties of the Fe Kα emission.

3

Yamaguchi et al. (2014)

• Dynamical: 
• Age 
• Size 
• vshock 

• Spectral: 
• line centroids 
• line ratios 
• line fluxes
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Patnaude et al. (2012)

• Dynamical: 
• Age 
• Size 
• vshock 

• Spectral: 
• line centroids 
• line ratios 
• line fluxes

Progenitor evolution makes 
precise statements about 
the observed properties of 
a SNR 100-1000 years after 
the SN
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Patnaude et al. (2015)

• Dynamical: 
• Age 
• Size 
• vshock 

• Spectral: 
• line centroids 
• line ratios 
• line fluxes
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W49B

Cas A
N132D

N63A

Sgr A East

SN 1987AN49

G349.7+0.2

G0.61+0.01

G292.0+1.8

G350.1+0.3

IC 443

N103B

3C 397

0519-69.0

G344.7-0.10509-67.5

Kepler

Tycho

SN 1006

RCW86

G352.7-0.1

G337.2-0.7

Patnaude et al. (2015)

• Dynamical: 
• Age 
• Size 
• vshock 

• Spectral: 
• line centroids 
• line ratios 
• line fluxes

When the same principles 
are applied to a host of 
SNR and SN progenitor 
models, there is broad 
agreement, but …



KITP (2017)D. Patnaude (CfA) - Massive Stars -

Patnaude et al. (2015)

Poor correlation between 
simulated and measured 
dynamics
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Patnaude et al. (2015)

Poor correlation between 
simulated and measured 
dynamics

Progenitor models with steady mass loss do not 
explain observed qualities of SNR



KITP (2017)D. Patnaude (CfA) - Massive Stars -

Patnaude et al. (2015)

Poor correlation between 
simulated and measured 
dynamics

Progenitor models with steady mass loss do not 
explain observed qualities of SNR
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Patnaude et al. (2015)

Poor correlation between 
simulated and measured 
dynamics

Enhanced mass loss prior to core collapse will 
increase the X-ray emission with little change to the 

dynamics
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Models from 
other groups

ChN

ObservablesModels from Patnaude et al. (2015) 
explored a limited parameter space in 
progenitor evolution
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MESA

SNeC

VH-1

ChN

Observables
We can explore a much larger parameter 
space by generating our own progenitor 
models … also allows us to explore 
variations in CSM as determined by 
progenitor evolution
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MESA

SNeC

VH-1

ChN

Observables

• Simulate stellar 
evolution to CC 

• Assume a range of 
parameters for mass 
loss, rotation, etc., 
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MESA

SNeC

VH-1

ChN

Observables
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• Simulate CSM from MESA 
mass loss parameters 

• Include radiative cooling 
t o p r o d u c e c o o l e d 
circumstellar shell 

• Simulate ejected shells 
and clumping by 
assuming an appropriate 
filling factor
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MESA

SNeC

VH-1

ChN

Observables

• Use SNeC to simulate 
explosion 
• Added capability to do 

nuclear burning 
• Added in Timmes EOS
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MESA

SNeC

VH-1

ChN

Observables

• Use SNeC to simulate 
explosion 
• Added capability to do 

nuclear burning 
• Added in Timmes EOS
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MESA

SNeC

VH-1

ChN

Observables

• 1D hydro code with self-
consistent NL DSA and NEI 

• Computes broadband thermal 
and nonthermal emission 
including effects from optical 
forbidden line emission
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MESA

SNeC

VH-1

ChN

Observables

• 1D hydro code with self-
consistent NL DSA and NEI 

• Computes broadband thermal 
and nonthermal emission 
including effects from optical 
forbidden line emission



KITP (2017)D. Patnaude (CfA) - Massive Stars -

MESA

SNeC

VH-1

ChN

Observables

• Line centroids 
• Line ratios 
• Chemical composition

Simulated spectra convolved with X-ray CCD 
response function
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MESA

SNeC

VH-1

ChN

Observables

• Line centroids 
• Line ratios 
• Chemical composition

Simulated spectra convolved with X-ray CCD 
response function

Fast outflow in late stages of evolution result in 
dramatically different observed X-ray spectra
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MESA

SNeC

VH-1

ChN

Observables

UNCERTAINTIES
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MESA

SNeC

VH-1

ChN

Observables

UNCERTAINTIES

• MESA: 
• mass loss rates 
• nuclear physics 
• rotation, binarity, etc… 

• SNeC: 
• nuclear physics 
• atomic physics (opacities) 
• simple approximation to the explosion 
• choice of mass cut, etc… 

• ChN: 
• atomic physics (excitation and recombination rates) 
• nonlinear particle acceleration, etc…
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MESA

SNeC

VH-1

ChN

Observables

UNCERTAINTIES

• MESA: 
• mass loss rates 
• nuclear physics 
• rotation, binarity, etc… 

• SNeC: 
• nuclear physics 
• atomic physics (opacities) 
• simple approximation to the explosion 
• choice of mass cut, etc… 

• ChN: 
• atomic physics (excitation and recombination rates) 
• nonlinear particle acceleration, etc…

Massive parameter space to explore!
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