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.Theot'y. .conditions for explosion, predictions

s

" Howdo massive stars-explodé?

Which stars'act-ually explode?

Before we talk about Constralnts let’s glve some |
. context (theory) | |



1.4 Mg, R~3000 km
Tayn ~ 150 ms

PNS, Fina R~ 40 km

Progenitor Stars
7.3+/-01Mgz <M <~60-100 M4



Bounce launches \/
shock wave

~0.1t0 ~10 My/s A




The Shock Stalls
Nucle break apart,
e cap, v losses
Accretion shock
(r ~200 km)

—




p)
To explode, we need to get y GM
thermal energy of PNS to
couple to outer layers.

A

PNS cools diffusively by f o "
neutrinos e

t~10s - L, ~ 10°%ergs™!




Neutrino Transport ﬂ

N+ve=p+e #

Re-capture 10% [ (
just behind shock %
to re-launch explosion

Lv ~ few x 1052 erg/s
cooling
heating
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Fundamental Question of Core-
Collapse Theory

Explosion
Stalled Shock



Liebendorfer et al. 2001

1D simulations fail to Explode



Multi-dimensional

Instabilities

e Convection

« Standing
Accretion Shock
Instability (SASI)




Most 1-D simulations do not explode, yet many multi-D do.

Vartanyan et al. 2018



Primary Result of Last Three
Decades

1D simulations rarely

explode, yet multi-D
simulations sometimes

do...but not always

Why?
Which progenitors
explode?



Murphy & Dolence 2017



Burrows & Goshy ‘93
Steady-state solution (ODE)

Explosions?
(No Solution)

ve \

Critical Curve

Steady-state accretion
(Solution)




Murphy & Burrows ‘08
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Many years of multi-D simulations suggest (but did not prove) that
convection and turbulence aid explosion.

Can one derive the reduction due
to convection?

ve

What about convection
causes the reduction?

M Mabanta& Murphy 2018



Start with Continuity Equations



Equations with Convection

Close with a Convection Model
|nvestigate which terms are important



ApJ, 2018



Constraint #1:

2019

There are now ~20 multi-dimensional
simulations that explode



Bruenn et al. 2016
Code: CHIMERA (2D)



Bruenn et al. 2016
Code: CHIMERA (2D)



Miiller et al. 2019
Code: CoCoNuT-FMT (3D)



Miiller et al. 2019
Code: CoCoNuT-FMT (3D)



Burrows et al. 2019

Code: FORNAX (2D & 3D)



Burrows et al. 2019

Code: FORNAX (2D & 3D)



A simple model for explosion to extrapolate to E_



Inferring explosion properties from SN IIP light curves
Goldberg et al. 2019

Observed Parameters: Ls, Ly My

Model Parameters:
E. M. R*,MNi

exp’ “'"ej’

4th Observation? '

Need to constrain R



The degeneracy In R, is not a big problem, because
RSGs have similar sizes

Use this distribution of RSG sizes as a prior in an inference of
explosion energies.



40 SN IIP

Pejcha & Prieto 2015
Miller et al. 2017

Use Goldberg et al. 2019 inference equations

8 x 10 erg

factor of 3 in width









Posterior distributions for differences in simulations and
observations
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Numerical ssimulations are important

...,but 18 Million cpu-hr/run
months on 16256 cores’
~ $1 million/run
~Power 1,000 homes for ayear.
...to systematically explore
progenitors and physics will take
100s of years.



Numerical simulations are important, but need another
way to systematically explore which progenitors explode?

Now that we understand how convection aids explosion, we
Include our analytic convection model in 1D ssmulations (we
call these 1D+)

Mabanta, Murphy & Dolence 2019



Equations with Convection

Reynolds Decompose
Close with a Convection Model
Investigate which terms are important

| nclude convection model in 1D simulations (1D+)



Turbulent ram pressure is about Turbulent dissipation is about
10% of thermal pressure 50% of neutrino heating.



PNS convection
efficient and flattens the
entropy gradient

Gain region convection:

 not efficient

 higher entropy due to
< turbulent dissipation

 larger shock radius



Mabanta, Murphy & Dolence 2019

1D+ is 100 X faster than 2D
1D+ might be 10> X faster than 3D



Constraint 2: Progenitor Mass
Distribution for Core Collapse SNRs

Mariangelly Diaz-Rodriguez

Jeremiah W. Murphy
Andrew E. Dolphin
Benjamin Williams

Julianne J. Dalcanton

David Rubin
William Blair
Knox Long
Tristan Hills
Zachary Jennings

STSI | science msmure



One way to identify SN progenitor masses:

Pre-SN Imaging:

Benefit: Image of the
star that actually
exploded

But, direct progenitor imaging Is rare:
> 30 direct detections and 38 upper limits (Van Dyk 2017)

rate of SNDT — 2/)77‘

To get to 100 SN progenitors we have to wait until 2049



We need a technique to verify theory and
direct imaging, and one that will give us
hundreds of progenitor masses



Supernova Remnants as SN tracers

e The SN rate iIs ~ 2 SN / century / galaxy
e SNRs are detectable for ~10,000 years.
e \We can expect to have ~200 progenitor mass estimates

per galaxy

Jennings et al. 2014

(Badenes et al. 2009; Jennings et al. 2012, 2014; Williams et al. 2018; Diaz-Rodriguez et
al. 2018; Murphy et al. 2018; Lopez et al. 2019, etc)



Goal: Age date thousands of
SNRS



L. oc M37



LM
(.5 .
5OM® T 4.5 X Oloy
i — 1.0 X 107;
- 10 r
H X 106yr
VT




An Alternate Technique: Age date the Stellar Population

IS

We use the age around a SNR
to probe the lifetime and
mass of the exploding star

Williams et al. 2019, Blair et al. 2012



Jennings et al. 2014



However, sometimes....



Williams et al. 2018

7.4 M



Age dating 115 SNRs in M31 and M33

(Jennings et al. 2012,2014 ; Diaz-Rodriguez et al. 2018)

M31 M33

e 94 of these SNRs have SFHs that are consistent with
young massive stars.
e The rest have no SF within the last 80 Myr. Likely SN la.



An individual SFH...Let’s stack these and look for global
trends



Stacking 94 Age Distributions

Minimum age
Consistent with limit of technique

Maximum age
(Minimum mass)

e

Fit for all three parameters
simultaneously

Power-Law Slope

)

|
Contamination

(random unassociated bursts)
i



A Simple Model:
Progenitor Mass Distribution for 100 SNRs in M31

and M33
A
a i )
. P(
log(d_M) |
>
Mmin Mmax
P ( | [3 | {SFR“ } )
tmin  Umax -Age "

Diaz-Rodriguez et al. 2018



Diaz-Rodriguez et al. 2018

{\ Detection limit.

Consistent with the fact
that single star
progenitors for CCSNe
are believed to be <50
Myr



Diaz-Rodriguez et al. 2018
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Improving our uncertainty estimates

| I
Age

Match, Dolphin A. 2013

B SFR 4
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Diaz-Rodriguez et al. 2018



Improving our uncertainty estimates

| I
Age

Match, Dolphin A. 2013
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Diaz-Rodriguez et al. 2019
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~200 more SNR progenl_‘tor masses from M83
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Summary

X Infer progenitor
mass distribution
using about a
hundred SNRs.

> Very soon we will
infer the distribution
for 200 more.

X Our goal is a
thousand or more

M31 and M33
Mapped Mass Parameters :

M,in = 7.3370:92 M
M, > 59 M,
alpha = —2.9670:3}
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(Diaz-Rodriguez et al. 2018)




Requests for SNR Community

> SNR catalogs for all
nearby galaxies. It
would be nice to

have thousands of
SNRs

> Quantify the bias of
SNR catalogs

X |s there a bias
against for
observing SNRs in
young star forming
regions?

M31 and M33
Mapped Mass Parameters :

M,in = 7.3370:92 M
M, > 59 M,
alpha = —2.96%5 32
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(Diaz-Rodriguez et al. 2018)
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