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SN 1987A - the most well observed supernova

v emerged in LMC (D ~ 50 kpc)




SN 1987A - the most well observed supernova
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SN 1987A - the most well observed supernova
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SN 1987A - an anomalous supernova

v red — blue supergiant progenitor
Sk - 69°202 g

v’ chemical anomalies:
He & N-rich (CNO process)
Ba-rich (s-process) 25 1%

42

Kirshner (Harvard-Smithsonian Center for Astrophysics|
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v’ triple-ring nebula
— signature of rotation?
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Early Models of SN 1987A Progenitor

v" Single star models :

extreme-mass-loss models (Maeder 87, Wood & Faulkner’88)
helium-enrichment models (Saio+’88)

low-metallicity models (4drnett’87,; Hillebrandt+'87; Truran & Weiss '87)
rapid-rotation models (Weiss+’88, Ramadurai & Wiita’89; Langer’91)

restricted-convection models (Woosley+°88; Langer+°89; Weiss’89)

v' Binary models :

accretion models (Maeder’'87; Wood & Faulkner’88)
companion models (Fabian+’87; Joss+'88)

merger models (Barkat & Wheeler'89; Podsiadlowski & Joss’89,; De Loor &
Vanbeveren’'92)

(see sec. 3 & 4 in Podsiadlowski ’92 for a review)



Slow Merger Scenario - the triple-ring nebula

Ivanova+'02; Morris and Podsiadlowski 07

. unstable mass transfer 3D SPH simulation with GADGET (10° particles)
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Supernova 1987A « December 2006
Hubble Space Telescope « Advanced Camera for Surveys

46.0, y= 53.0

NASA, ESA, P. Challis, and R. Kirshner (Harvard-Smithsonian Center for Astrophysics) STScl-PRC07-10
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Slow Merger Scenario - new progenitor models

Urushibata+'17; Menon & Heger’l7

Spiral-in
CO core He layer e /\ H-rich envelope

- \
Center 1~}
e Secondary Star

fresh (H-rich) fuel

— CNO cycle
— He & N production injection of angular momentum

— partially stripped
— BSG

< >




Slow Merger Scenario - new progenitor models

Urushibata+'17; Menon & Heger’l7

r

Spiral-in
CO core He layer e /\ H-rich envelope
/ >

x
Center PN
Stream Secondary Star

Urushibata+’17 Menon & Heger’17

Red to blue evolution Yes Yes
Time to collapse Yes No
Origin of the rings Yes No
Anomalies of CNO-process Yes Yes
elements

Anomalies of s-process ? ?
elements

We use the best-fit model (14 + 9 Msun — 18.3 Msun) from Urushibata+’17
for our core-collapse simulation.



Progenitor Model

v’ Density and “compactness” profiles
of our SN 1987A progenitor model (m14)
compared with 12, 15, and 20 Msun progenitors
from Woosley, Heger, & Weaver’02.
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Numerical Scheme for Core-Collapse Simulation

v 3DnSNe code (Takiwaki+'12,’14,’18) with some updates:

* |sotropic Diffusion Source Approximation (IDSA; Liebendoerfer+’09)
scheme for multi-energy 3-flavor (ve, ve, vx) neutrino transport

» state-of-the-art neutrino

Model Weak Process or Modification References

DL ’
OpaCItleS (KOfCle"‘ ]8) stl ven=e p Bruenn (1985)
vep=etn Bruenn (1985)
veAl=e A Bruenn (1985)
. vN=vN Bruenn (1985)
. EOS . LSZZO + BOItzmann gas vA=vA Bruenn (1985),Horowitz (1997)
vet =vet Bruenn (1985)
e et =vi Bruenn (1985)
- B _Nh le NN =voNN Hannestad & Raffelt (1998)
1 3 a (He N I) n UC|ear networl\set? veA=e A Juodagalvis et al. (2010)
s I setda Ve + Ve = Vg + Uy Buras et al. (2003); Fischer et al. (2009)
n UCIGOSyntheSIS set3b vy + v (V) = v, + VL (D) Buras et al. (2003); Fischer et al. (2009)
+ setda ven=e p, Vep=eTn Martinez-Pinedo et al. (2012)
energy feed baCk setdb NN = voNN* Fischer (2016)
setha ven=e p, Vpp=en,vN=vN Horowitz (2002)
setsb  my — m}y, Reddy et al. (1999)
setba g4 — g4 Fischer (2016)

setéb v N = v N (Many-body and Virial corrections) Horowitz et al. (2017)
setéc v N = v N (Strangeness contribution) Horowitz (2002)




Results of 2D Simulations

v Slightly different results  9,°-0.0 - a2
between models with different input of & **} 02 ---- !
microphysics g 03Ff
(e.x., strangeness contribution). S anl

: g o1}

v Successful shock revival at ~0.25 s. ;

0O.O 0i1 0.2 Oi3 0i4 0i5 0.6

v’ Eexp ~ 0.36-0.5 foe, MNi ~ 0.035-0.05 Msun D ELEELITED
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2D/3D CCSN simulations - previous works

= 2D
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2D/3D CCSN simulations - previous works
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Comparison between 2D and 3D Simulations
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Comparison between 2D and 3D Simulations

©
I

v' 2D model: shock revival aided by strong [ 2D ----
SASI (sloshing) motion. Foal |
v' 3D model: nearly spherical shock structure. £ °2
Unfortunately, the explosion is very weak ch; 01
(Eexp ~ 0.12 foe and MNi < 0.01 Msun at ?
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What makes the weak explosion in 3D?

v Neutrino luminosity and average energy?

30 77—
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v’ Spatial resolution?
n(@) =128in 2D, n(6)*n(p) =64*128 in 3D



Rotation?

Supernova 1987A « December 2006
Hubble Space Telescope + Advanced Camera for Surveys

NASA, ESA, P. Challis, and R. Kirshner (Harvard-Smithsonian Center for Astrophysics) STScl-PRC07-10




Rotation?

v Our progenitor model is rotating very slowly (,~0.02 rad/s in the Fe core).

v’ 2D simulations for s20.0 progenitor with a variety of core rotation present
more energetic explosions for more rapidly rotating models.
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Summary

v' SN 1987A:
» a peculiar core-collapse supernova
 red to blue evolution, chemical anomalies, and the triple-ring nebula
o Fexp ~ 1.2 foe, MNi ~ 0.07 Msun

v" A progenitor model from Urushibata+'17:
* based on slow-merger scenario
» well reproduces observational features

v’ Self-consistent 2D & 3D simulation:
« 3DnSNe code with state-of-the-art inputs
* both 2D & 3D models successfully revive shocks
» FEexp ~ 0.36-0.5 foe, MNi ~ 0.035-0.05 Msun in 2D (relatively strong)
* FEexp ~ 0.12 foe and MNi < 0.01 Msun (weak)

v What is missed?
 rotation? spatial resolution?



