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Table 1 Mapping of supernova (SN) types to their likely progenitor star properties

SN Progenitor Stara MZAMS (M⊙)b Ṁ (M⊙ year−1)c V∞ (km s−1)
II-P RSG 8–20 10−6–10−5 10–20
II-L RSG/YSG 20–30 (?) 10−5–10−4 20–40
II-pec BSG (b) 15–25 10−6–10−4 100–300
IIb YSG (b) 10–25 10−5–10−4 20–100
Ib He star (b) 15–25 (?) 10−7–10−4 100–1,000
Ic He star (b)/WR 25–? 10−7–10−4 1,000
Ic-BL He star (b)/WR 25–? 10−6–10−5 1,000
IIn (SL) LBV 30–? (1–10) 50–600
IIn LBV/B[e] (b) 25–? (0.01–1) 50–600
IIn RSG/YHG 25–40 10−4–10−3 30–100
IIn-P Super-AGB 8–10 0.01–1 10–600
Ibn WR/LBV 40–? 10−3–0.1 1,000
Ia/IIn WD (b) 5–8 (?) 0.01–1 50–100

aMost likely progenitor star type. “(b)” indicates that a binary channel is probably key. Note that stars that shed envelopes in binary Roche-lobe overflow
are likely to have a slow (10 km s−1) equatorial outflow, in addition to the wind speed of the star.
bMasses with “(?)” indicate high uncertainty. Mass ranges with “?” as the upper end of the range indicate that these types might extend to a high and highly
uncertain upper mass limit.
cMass-loss rates for pre-SN eruptions are listed in parentheses and correspond roughly to the total mass ejected in the few years immediately preceding
core collapse. The mass-loss rates may be lower, but still substantial, at larger radii traced by the expanding SN shock at late times.
Abbreviations: blue supergiant, BSG; luminous blue variable, LBV; red supergiant, RSG; Wolf-Rayet, WR; yellow hypergiant, YHG; yellow supergiant, YSG.

much lower than the lowest-mass WR stars observed in the Milky Way (Crowther 2007), it is much
lower than can be explained by standard single-star evolution models—especially if we recognize
that “standard” single-star models all adopt mass-loss rates that are too high. The observed SN
statistics strongly favor the interpretation that most stripped-envelope SNe (including SNe IIb)
come from lower-mass stars (10–25 M⊙) that lose their H envelope in binaries. Again, ∼36% is
the observed SN IIb + Ib + Ic fraction; compare this to 33%, which is the fraction of massive
stars that Sana et al. (2012) expect to have their H envelopes stripped in a binary system, given
the observed binary fraction of O-type stars. One infers that binary RLOF can account for the
observed statistics. (Recall that ∼80% of SNe come from initial masses < 25 M⊙, assuming a
Salpeter IMF in which every star with initial mass above 8.5 M⊙ explodes as a SN.) Preference
for the binary channel agrees with relatively low ejecta masses and H/He mass fractions inferred
from detailed radiative transfer models of stripped-envelope SNe (Yoon et al. 2010, Dessart et al.
2011, Hachinger et al. 2012), which seem to rule out the idea that SNe IIb and Ib can come from
progenitors much more massive than progenitors of SNe II-P, on average.

A dominant binary channel for stripped-envelope SNe is also consistent with available di-
rect detections and upper limits of SN progenitors. Smartt (2009) summarized progress up until
2008, but there have been several important additions since then. Observations to date are con-
sistent with stars having initial masses of roughly 8–20 M⊙ dying as SNe II-P [the upper bound
of this range is uncertain and higher than that found by Smartt (2009) if one accounts for pro-
genitor reddening (Walmswell & Eldridge 2012)], but this does not necessarily mean that all
stars in this mass range die that way; stars in the same mass range could die as stripped-envelope
SNe if they are in a binary system, and in fact, there are currently three direct progenitor de-
tections for SNe IIb (SN 1993J, 2011dh, and 2013df ) that are thought to be YSGs in binary
systems with inferred initial masses of 13–17 M⊙ (Maund & Smartt 2009; Van Dyk et al. 2013,
2014). Two other SNe IIb, SN 2001ig and SN 2008ax, also show possible indications of a
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Smith (2014; ARA&A)

• when and how massive stars shed their envelopes 
remains an open question

• observed mass loss rates are generally lower than 
what is predicted

• many SNe progenitors now show evidence, direct 
or otherwise, for enhanced mass loss prior to core 
collapse:
• shell burning leading to instabilities that eject 

mass (Smith and Arnett)
• energy deposited in the envelope from a super-

Eddington core (Quartaert and Shiode)
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observed statistics. (Recall that ∼80% of SNe come from initial masses < 25 M⊙, assuming a
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2011, Hachinger et al. 2012), which seem to rule out the idea that SNe IIb and Ib can come from
progenitors much more massive than progenitors of SNe II-P, on average.

A dominant binary channel for stripped-envelope SNe is also consistent with available di-
rect detections and upper limits of SN progenitors. Smartt (2009) summarized progress up until
2008, but there have been several important additions since then. Observations to date are con-
sistent with stars having initial masses of roughly 8–20 M⊙ dying as SNe II-P [the upper bound
of this range is uncertain and higher than that found by Smartt (2009) if one accounts for pro-
genitor reddening (Walmswell & Eldridge 2012)], but this does not necessarily mean that all
stars in this mass range die that way; stars in the same mass range could die as stripped-envelope
SNe if they are in a binary system, and in fact, there are currently three direct progenitor de-
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Smith (2014; ARA&A)

• when and how massive stars shed their envelopes 
remains an open question

• observed mass loss rates are generally lower than 
what is predicted

• many SNe progenitors now show evidence, direct 
or otherwise, for enhanced mass loss prior to core 
collapse:
• SN 2001em, SN 2014C, SN 1996cr ejected 

their shells ~ 100 - 104 years before core 
collapase

• timing of ejection may be related to CC



Time before core collapse (years) for typical wind/SNe parameters

102.4 103.4 104.4 105.4

Dwarkadas and Gruszko (2012)

Current state of mass loss observations from SNR 
and SNe

LX ⇠ Ṁ2

⇢CSM ⇠ Ṁ



Future state of mass loss observations from SNR 
and SNe

• in 30-40 years, SNe we observe now 
with Chandra will probe CSM formed 
during latter stages of core helium 
burning

• shock will interact with CSM shells 
ejected during core carbon burning

• these shock—shell interactions will 
imprint themselves on the spectra 
and the effects will be observable for 
several e-folding times

• High throughput spatial and spectral 
resolution will allow us to probe the 
mass loss history of massive stars 
out to D ~ 10 Mpc

SN 2035Q



Future state of mass loss observations from SNR 
and SNe

SNe spectra at 50 years, highlighting 
the differences that result from mass 
loss events at different epochs



• Lynx will also probe the mass loss 
history of progenitors over time:

Ṁ = 10�6

Ṁ = 2⇥ 10�5

Thermal X-ray Emission



• Lynx will also probe the mass loss 
history of progenitors over time:

Ṁ = 10�6

Ṁ = 2⇥ 10�5

Thermal X-ray Emission

104 sec Chandra ACIS detection limit 
(Chandra POG)



Thermal X-ray Emission
• Lynx will also probe the mass loss 

history of progenitors over time:

Ṁ = 10�6

Ṁ = 2⇥ 10�5

104 sec Lynx XRS detection limit (A. 
Vikhlinin)



• SNR surveys out to D = 10 Mpc
• SN interaction with CSM affects SNR, 

centuries later
• mass loss as a function of host 

galaxy metallicity can be studied

PIE IN THE SKY: EXTRAGALACTIC SNR

log10 (radius)
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CSM shell

CSM wind

Fx ~ 1017 erg/cm2/s



Models derived from Patnaude et al. 
(2017). 15Msun progenitor with two 
different mass loss scenarios



Differences in the X-ray spectrum can 
provide clues as to the mass loss history 
of the progenitor



CONCLUSIONS
• Lynx will probe the mass loss history of SNe:

• observations performed now with Chandra will sample progenitor 
evolution ~ 100 - 1000 years before CC

• followup Lynx observations of ~ 100s of SNe will paint a picture of mass 
loss at earlier times (currently not well sampled)

• High resolution X-ray spectroscopy can discern mass loss events ~ 103 - 104 

years before core collapse

• Lynx will allow for surveys of young and middle-aged SNR out to distances 
of ~ 10 Mpc

• probe influence of environment metallicity on SN and progenitor evolution


