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How do massive stars end their lives?
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Gogarten et al. 2009

the Stellar Populat
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An Alternate Technique: Age date
the Stellar Population

Gogarten et al. 2009
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Supernova Remnants as SN Tracers

« Detectable for ~ 104 yrs

* Lots of SNRs in nearby
galaxies with archival

dato
v ~100 In M31
v Up to 65 in M33

>|ncrease the number of
p][o%enﬁors by a factor
©f |



Star Formation Rate (M, year™!)
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But sometimes....
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Star Formation Rate (M, year™')
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Progenitor Mass Model:

Slope of - «

|

Minimum mass
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Mmin (MG))

M31 and M33

Mapped Mass Parameters :
M,in = 8.06701 M,
M,r = 43.59750 M

+0.13
_.0' 11

alpha = 2.7370%
(M) = 8.06

Minimum mass

Maximum mass
(Our detection limit)
No maximum mass!

—0.36

| Consistent with Salpeter

Mmin (MQ)
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Cavealts:

- SNR Catalogs are biased tracers of CCSNe

- Still exploring best models for Bayesian inference
- We assumed single-star evolution
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.~ Coming Soon...Hundreds more’ SNR progenitor masses
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How do massive stars end their lives?
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Numerical simulations are important

...,.out we need to augment this
tool with another approach



Analytic Explosion Conditions

Some progress
v"A deep understanding of why stars explode

ybetter quantify why some simulations
explode and others fail.
* Predict which stars will explode and which
won’t



: Measured My Best
Physics Refs.
y Effect Guess
Neutrino-driven 30% Murphy & Burrows 2008,
Convections o Mabanta & Murphy 2017
Progenitor Structure O(1) Sukhbold et al. 2016
(o) Hanke et al. 2013, Fernandez et
SAS| < 30% al. 2014, Fernandez 2015

Marek et al. 2009, Muller 2012,
G R ~ 1 O% " Reobaerts etal. ZUO%
FOS ~ 0% Couch 2012

many-body corrections to 5Oy, | Horowizetal 2017, Burows et
: ~ o al. 2106
v-nucleon scattering

Progenitor Perturbations ~ 1-10%  Couch 2013, Milller & Janka 2015

v-transport 3—50 % Richers et al. 2017
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Analytic Explosion Conditions

* A deep understanding of why stars explode

* Better quantify why some simulations
explode and others fail.

* Predict which stars will explode and which
won’t



Toward Analytic Explosion Conditions

* Empirical
e O’conor & Ott 2011, Ertl 2016

e Heuristic
e ¢.g. Heating and advection time scales

* First Principles (kind of...)

* Burrows & Goshy 1993, Pejcha & Thompson 2012, Miiller
2016, Murphy & Dolence 2017



Toward Analytic Explosion Conditions

Murphy & Dolence 2017
Mabanta & Murphy 2017



o) _
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Important Parameters
of vg = 0 solutions

v heating

LV ........................
7o, v cooling
R,

L — @
M

A boundary value
problem

Stalled Shock w”

ve =20

What are conditions for
vs = 0 to become v, > 07



Fundamental Question of Core-
Collapse Theory

= LXplosion

Stalled Shock

Murphy et al. 2013




Primary Result of Last Three
Decades

1D simulations rarely
explode, yet multi-D

simulations often
do.

Why?

Murphy et al. 2013
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Burrows & Goshy ‘93
Steady-state solution (ODE)

Explosions?
(No Solution)

ve \

Critical Curve

Steady-state accretion
(Solution)




Murphy & Burrows ‘08
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2D & 3D critical luminosity
lower than 1D

Turbulence plays an important
role, but how was not clear.

Murphy & Burrows 2008

Murphy & Meakin 2012

Burrows, Dolence, and Murphy 2012
Murphy, Burrows, and Dolence 2013
Dolence, Burrows, and Murphy 2013
Couch & Ott 2015

Radice et al. 2015



Ve

This has been a useful
tool but...




Ve

Is this region really associated
with explosions?

\

Can one derive this line?



Ve

Can one derive the reduction due
to turbulence?

What about turbulence
causes the reduction?




Ve

First...

Is this region really associated
with explosions?

\

Can one derive this line?




An Integral Condition for Explosion
(Murphy & Dolence 2017)



Five parameters reduce to one
equation and one dimensionless
parameter
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So what 1s

IlllIl



Let’s start with two assumptions:
1. vs=0 1s the condition for explosion
2. Integral condition will be illuminating

d?x L, -
g i or  —p° + @ = const.
dt? m 2

Will use vs = 0 to derive an integral condition
for explosion.



Governing Conservation Equations
dp
ot
I 1 /g F 2

V- F=5

1 S 2

Integrate conservation equations...
an expression that relates integral condition to
boundaries



In steady state...

143([)1 — ,02)”08 — F1141 — F2142 -+ /de

vs > ()



Integral terms in momentum equation

2
VP oY

P9 ram pressure

W

r2oPys +2 [ Prdp-€ [ GMpdiy{rp,v?

—
T%p+v+

A measure of post shock pressure
pushing against ram pressure of
inflating star



Integral terms with boundary terms gives...
Us o
— = 1441+ U
U 5 — 1

Ve > 00— W > ()




Integral terms in momentum equation

2
VP -

P9 ram pressure

W

B TIZ\ISPNS +2 [ Prdn<€ [ GM 2 '
T%Pw% e’

Need solutions to these terms.

Semi-analytic...similar to Burrows
& Goshy.
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L, =20
L, =25 |-
L, =3.0
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Wnin = 0 gives critical
set of parameters

r's/TNS



Solutions when U, ;, < 0

Ve < 0

ve = 0
Stable
Equilibrium

ve > 0




Solutions when V., > 0

/03>O_)

ve > 0

ve > 0

All solutions
have v, > 0

This IS a non-line¢
linear solutions




Use Wi to evaluate nearness-to-explosion
in 1D simulations

56
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Wmin = 0 defines a hyper-surface in a five
dimensional space (Lv, Tv,Rns,Mns,M)

below this hyper-surface vs = 0 solutions

above this hyper-surface vs > 0 (explosions)
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Now, let’s use this condition to understand how
turbulence affects this condition

Can one derive the reduction due
to turbulence?

Ve

What about turbulence
causes the reduction?

M Mabanta & Murphy 2017
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Next Steps

Quantify distance to Wmnin=0 surface
Metrics, Geodesics, Constrained by Progenitor Path




Next Steps

Woin (Lyv. Tv,Rns ,Mns ,M) = (0 defines a hyper-
surface in a five dimensional space.

Found this curve semi-analytically.

With a few simple assumptions, we can derive
this curve analytically. Murphy, Mabanta, &
Dolence, 1n prep.



: Measured My Best
Physics Refs.
y Effect Guess
Neutrino-driven 30% Murphy & Burrows 2008,
Convections o Mabanta & Murphy 2017
Progenitor Structure O(1) Sukhbold et al. 2016
(o) Hanke et al. 2013, Fernandez et
SAS| < 30% al. 2014, Fernandez 2015

Marek et al. 2009, Muller 2012,
G R ~ 1 O% " Reobaerts etal. ZUO%
FOS ~ 0% Couch 2012

many-body corrections to 5Oy, | Horowizetal 2017, Burows et
: ~ o al. 2106
v-nucleon scattering

Progenitor Perturbations ~ 1-10%  Couch 2013, Milller & Janka 2015

v-transport 3—50 % Richers et al. 2017




Summary of our results:

* Critical hyper surface

* Step closer to showing that solutions above
critical condition are explosive

* Nearness-to-explosion for Simulations

 Use 1t to explain reduction 1n critical condition

* Let’s try quantify the other important effects



