What the Emerging Theory. of Core-

@0//lapse SuUperhoVa Explosions May.
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Mechanism of explosion?

Pulsar Kicks (proper motions)?
Nucleosynthesis: Nickel, etc. Yields?
R=process site?

Blast Morphology: (@nd polarization)?
Pulsar Spins?

Pulsar/AXP/Magnetar B-fields?

Black Hole formation?

Systematics with progenitor (and role of
rotation/magnetic fields)?

® Connection with GRBs and Hypernovae?
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Neutrino-driven Wind Explosions?
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Mechanism? 3D
Neutrino; Acoustic?
MHD Jet?

/

2D SASI-aided,
Neutrino-Driven
Explosion?
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SN1987a (Pete Challis)




Observed Asymmetry

Ca Fe
Cas A SN Remnant; Chandra




Element Asymmetries in
Cas A Remnant

DeLaney et al. 2009



Asymmetries in Supernovae and
Remnants (cont.)

remnant: Dense Fe Ejecta in Near IR -
Asymmetrical line profiles (Moon et al. 2008)

OI Doublet line shapes for many CCSN (e.qg.,

) evidence for. asphericities (Milisavljevic et al.
2009)

Ejecta Asphericity in Type Ib/c ( ): Overall
asymmetries in OI in ~39%: Evidence of no “jet” in
most (Taubenberger et al. 2008)

: Spectropolarimetry = Large Top-bottom
Asymmetry in Fe distribution and non-Coplanarity -
larger, later (M. Tanaka et al. 2009)




Core revealed
Photospheric Becoming nebular

%o POLARIZATION!
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Mechanisms of Explosion

always fails?
(Burrows

1987) Lowest-mass massive stars, ~spherical

(e.g., 8.8 solar masses,
Burrows, Dessart, & Livhe 2007)

(€7G), 1N 25S01armassesy

(
(after delay), all

progenitors explode (




Mechanisms of Explosion
(cont.)

? Nuclear-burning aided?
Inelastic scattering? (

(e.g., )

of almost all mechanisms




Neutrno=Priven Wind
EXPIOSIORSHAIOWAMESS

PLOGERILONS




8.8-Solar mass Progenitor of Nomoto: Neutrino-driven Wind Explosion
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BURROWS, HAYES, & FRYXELL (1995)
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Marek & Janka 2009: 15 solar-mass model with soft (180 MeV) EOS, 1D
“ray-by-ray” transport, 2D hydro:
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Bruenn, Mezzacappa et al. 2009 with soft EOS, 1D “ray-by-ray” transport, 2D Hydro:
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What is the difference?, What’s new? Inelastic scattering??, nuclear

burning? ...
FIGURE 3. Explosion energies as a function of post-bounce time.




used in supernova theory
Arbitrary Lagrangian-Eulerian ( ); remapping
6 - dimensional (1(time) + 2(space) + 2(angles) + 1(energy-
group))
, Arbitrary Grid; Core motion (kicks?)

, S, (~150 angles), time-dependent,
(still slow)

version (quite fast)

Axially-symmetric;

Flux-conservative; smooth matching to diffusion limit

Parallelized in energy groups; almost perfect parallelism
Livhe, Burrows et al. (2004,2007a)

Burrows et al. (2006,2007b), Ott et al. (2005,2008); Dessart et
al. 2005ab,2006







> Doppler shift terms not included in
Cransport

> lnelastic redistribution not. included

(though subdominant), theugh
could be

> No good (but ...) development path
to 3D




> Transport in 1D (“ray-by-ray”): Not Multi-D

> Soft (180 MeV) Nuclear EQS (but
measurements?)

> Energy conservation to only ~0.5 Bethes

> Core must stay at grid center. (KiCKs?, acoustic
mechanism?)

> Role of Nuclear Burning at Shock?
> Large Stalled Shock Radius ?




> Transport in 1D (“ray-by-ray”): Not
Multi-D
> Soft (180 MeV) Nuclear E@S (but

measurements?)

> Core must stay at grid center (Kicks?,
acoustic mechanism?)




$20.0 ENTROPY
LEA VELOCITY

Time =-168.0 ms
Radius = 200.00 km




$20 DENSITY
VELOCITY

Time =100.0 ms
Radius = 200.00 km




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

Explosions!
(No Solution)

N\

Critical Curve

Steady-state accretion
(Solution)




How. do: the. critical
luminosities differ between

1D and 27
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Rapid Rotation!
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-199.98 ms
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Rotation Winding, the MRI and B-field Stress effects




A e e g B T T T S S T

SR i e e e e e s e S e L e O N s P =T L :
R R R T T T R TR T T T T T T SRR T T R S e . -
AT AT e e e e e e et s s R E S e S T S R | [y __
e e T I o e e T o R P e e e i e e A e i ey AR e -
e A R, T I L S i L - e T - AL USRI T A R T
SR S ST - R A e S S B e e e L T T Y :
WO e L e P e o e e s o e e e e e s e T S S S 8 =
R S e T S B R SRR R T R R e T B B SR e S i e :

C ARSI DR SN Y U R T R S S e SR e R e e I TR e I el R SRR S S R T T L S LT T
i e O s W - = = = = = = m e e e R s T v} ;

OB e a FeETE E s e e e st e e e i e B R

I A B ey M Sy N S S e e e e P e R T R S T e g i S

A O At L aT T TR el e e e e R L S U Y

G Sl NN A AR e e e S e S e e S i R | S (R URORY

T R 1€ 851 SN ST (e (N o S ] SO A et e e e, S e e e R i e e e s

VIS A Ot N S et B L S S e Saly S S I S S e e D I ST L TR e o s

{ I R (U [ [SSY (RCHRs  Jpst ey 5 B S e e e e e SR e B W et i sl e U e e e e R

FL Y CEN (St AN PO [ R /R ot S NS I S ISR N ot e A e oo T, O, Chictis N B (RS (AR (0 o IR R, e i | el e (el
N (SR S (e Y e I e S S S Y (SO WSt A e S (N e =, " T [N I ] | | i [ ot ] il I
[N S N RS SO R A B S AN [ (N 65 S i A I SR Sl (S [ [ | [ pengty et Ll O (e e ([ ]

S S N AR ARAL M (i B! (SN (e N s PRI T SO e s R S ET I P i el e o

| e S L I T TPCAE [N N et Yo Ce, L SR e R SR A S R S e e el e [

I L T . e, T R S, S e . e e T b N RS S s e T B TR e S e

IS S T R WL, PR M S T W S T I O e e e R B e e enie e el e e e

LI T T T St A T VR T S S e S S H I S s e R T e R T e e 1'

p e e e S i B e e S i A A A e ST B e N

L e T T T e oo RR s S e s S U S S S -.-' :.!'n:i'

TR wTR W e e A L e R e R L L S R

LN O Rt e, LSRR cs e mal st e st S e ST S e e N Rl _.-'_..-':_:-"

[LEERE TR T WS TR R TR TR W R TR SR R T TR R R R R R R R et .-' R

RS S N ity Nt T S, TS T R SO S R S T S R i e e e e i e R e e .i

L T T e i T TR T N R S S S S S S S .'.:i S

e I e S e A R e MR R BB el 2 et R e e ..-:'-..-'

- MR s e e e e e iy e e S b e

"m15b6 nu kp8 11 o3.1
. ENTROPY VELOCITY

P e e e e R e e R BT S 1-IH1E=-133.5ITIS
| Hadius = 200.00 km

] e P
F R T R
¢
"~
i
x
I
)
¢
¥
1
1
|
|
|
|
|
|
|
|
1
1
i
L)




ismod2p_r04k \ AV AV RN mis6 314 bpio
B-Field i A I/ | iy X1 WML B-Field
Time = 264.5 ms A ¥ ' f A . \ Time = 855.5 ms
Radius = 1500.00 km |’ i ) ¢ 3 ' ! Radius = 3000.00 km




ismod2p_r04dk
B-Field
Time ==-178.5 m=s
FAadius = 100.00 km




MHD Jet Powers for Rapidly-Rotating Cores
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Pulsar Recoil: A Generic
Feature
‘ . 'Gfl'itar Nebilla

Pulsar Kicks:
Pulsar B2224+65
and Bow Shock
V=1000 km s°!




Pulsar Kicks

> Puppis A ( ) - 112 ms pulsar,
weak field (Pdot) at birth (Gotthelf and
Halperin 2008) - evidence against
electromagnetic Kick

(RXJ0822-4300): Kick ofi~1500 km
s-1 (transverse) (Winkler and Petre 2007) -
asymmetric explosion, imparting ~3 x 104>
ergs in kick K.E. - Oxygen knot recoil?

> Supernova kicks and misaligned
(Martin, Tout, and Pringle 2007)

of Young Pulsars (Ng and

Romani 2007)




Top-Bottom Asymmetry in Neutrino Luminosity after Explosion: Kicks!
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Multi-D: Simultaneous Explosion
and Accretion is the Key?

Anisotropic =1
explosion --> lower ram pressure at
head, larger neutrino heating region,
while accretion elsewhere maintains
neutrine luminosity to drive the
explosion

: EXplosion along
poles, accretion of free rotational
energy at equator (engine)

Explosion in one
direction, accretion funnels from
another, powering oscillation to
maintain acoustic power







© Multi-Dimensional Core-Collapse
Simulations: Explosion Mechanisms
Comp uﬁ:tlov:nj (A- Burrows, L: Dessart, E: Livne, C. Ot I. Hubeny, & J. Murphy)
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BETHE: Transport
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Early B-Ficld Structures

[3D General-Relutivistic Rotational Collapse: |
| Gravitational Radiation

and Core
dscillation to Late
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