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Proposed Explosion Mechanisms

Neutrino-Driven CCSNe >
(Today’s Focus)

Radial velocity (km/9

Magnetorotationally-Driven CCSNe —>

Extreme rotation required to amplify
and collimate magnetic towers capable

of

driving and collimating outflows.

Thought to play a role in rare events — [ L\
e.g., peculiar Type Ic supernovae. Burrows et al. 2007, Ap.J. 664, 416
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Core Collapse Supernova Paradigm

and Proble
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How is the supernova shock wave revived?

E> v-Luminosity
—»  Matter Flow
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the most fundamental

guestion in supernova theory

Leading Roles

e Gravity
* Neutrinos
* Neutrino-Driven Convection
e Standing Accretion
Shock Instability (SASI)

Supporting Roles

* Nuclear Burning
* Rotation
e Magnetic Fields



Where are we today?
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The Heart Of the Matter Neutrino heating depends on

neutrino luminosities, spectra,

=> v-Luminosity
‘ l ——»  Matter Flow
Shock ‘ o i e '
Ny ot Heating . . . . .
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This requires a prescription relating higher

moments to these lower moments. This
12/6/2016 “closure” can impact simulation outcomes. 6




e tp—>N,+n

44 key weak interactions PF@@@DN@@]{EW@[@ Sﬁ@[ﬁ

e +n—>n.+p
e te >N, Flent
N+N—>N+N+n,,, +Nent

ne+ne _>nm,t+n/77,l'

n+n—e +tp
Ne+tp—e +n

N, petNeme —>e +e

e,

N+N+n,,,+Ment —>N+N
N+ Nnt =N, + 1

Y m,t+n’p_)ve,m,t +n,p

e!

- + = +
ve,m,t+e , e —>ve,m,t+e , @

ne,/ﬂ,t +n,p_)ne,/77,t +n’p /
n+n—e +p

/TI mtte, €+ —> /_7e,/77,t +e €+ Neutrin heres .
e 1 eu Osp ne +A - e_ +A

Weak interactions are ignored or approximated 8 key weak vetmpAd—v, +npA

12/6/2016 for computational expediency. interactions v.te —v,te



Bruenn, Ap.J. Suppl. (1985)

“Standard” Emissivities/Opacities * Nucleons in nucleus independent. _
* No energy exchange in nucleonic scattering.

* e+ p(n),A < V,(Ve)+n(p),A" Langanke et al. PRL, 90, 241102 (2003)
N B s « Include correlations between nucleons in nuclei.
e +¢ <=V + Veur

e,u,t
Vv +n,p,A—v +n,p,A Reddy, Prakash, and Lattimer, PRD, 58, 013009 (1998)
Burrows and Sawyer, PRC, 59, 510 (1999)
V +e ,e+ — 7V +e ,€+ * (Small) Energy is gxchanged due to nucleon recaoil.
« Many such scatterings.
*N+N<>N+N+V,,  +Veur —— Hannestadt and Raffelt, Ap.J. 507, 339 (1998)
B i Hanhart, Phillips, and Reddy, Phys. Lett. B, 499, 9 (2001)
V,+Ve <=V, +Vur —  New source of neutrino-antineutrino pairs.

Janka et al. PRL, 76, 2621 (1996)
Buras et al. Ap.J., 587, 320 (2003)

“Partial Weak Physics”: Bruenn (1985)
 Weak interactions above black line sans added realism noted in red.

12/6/2016 * Sans weak interactions below black line.



Newtonian vs. GR
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Grane Scheme of Things (2D)

N.B. RbR+ vs. 2D
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The Princeton group obtained no explosions with Newtonian gravity
and partial weak interaction physics. With GR included and a full weak

12/6/2016
interaction set, like MPA and Oak Ridge they now obtain explosions.



Ray-by-Ray Approximation

Do accretion hot spots persist?

As the angular resolution is increased,
RbR will approach non-RbR for a central
source.

Solve a number of spherically
symmetric problems.

In spherical symmetry, RbR
IS exact.
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The “Oak Ridge” Models
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Bruenn et al. 2016. Ap.J. 818, 123.
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Oak Ridge 2D Models
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Simulations must be carried out to 1-2 s after core bounce before explosion energies defined.
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Explosion Energy [B]

Comparison with Observations
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Proto-NS Mass [M_]

Proto-NS Velocity [km s7]

Proto-NS Velocity [km s7]

-100

-200

-300

-400

-500

-600

2000

1000

-1000

-2000
0

— B12-WH07

B15-WH07
B20-WH07
B25-WH07

—— Gravity
Momentum
Pressure

12/6/2016 Bruenn et al. 2016. Ap.J. 818, 123.

800

1000
Time After Bounce [ms]

1200

1400

0.0

4U1700-37 (32)
Vela X-1(33)

Cyg X-2(34)

4U 1538-52 (33)
SMC X-1(33)

LMC X-4 (33)

Cen X-3 (33)

Her X-1 (33)

XTE J2123-058 (35)
250921-630 (36)
4U 1822-371 (37)
EXO 1722-363 (38)
B1957+20 (39)
IGR J18027-2016 (40)
J1829+2456 (42)
J1829+2456 comp. (42)
J1811-1736 (43)
J1811-1736 comp. (43)
J1906+0746 (44)
J1906+0746 comp. (44)
J1518+4904 (27)
J1518+4904 comp. (27)
B1534+12 (45)
B1534+12 comp. (45)
B1913+16 (46)
B1913+16 comp. (46)
B2127+11C (47)
B2127+11C comp. (47)
J0737-3039A (48)
J0737-3039B (48)
J1756-2251 (49)
J1756-2251 comp. (49)
J1807-25008B (29)
J1807-2500B comp. ? (29)
B2303+46 (31)
J1012+5307 (50)
J1713+0747 (51)
B1802-07 (31)
B1855+09 (52)
J0621+1002 (53)
J0751+1807 (53)
J0437-4715 (54)
J1141-6545 (55)
J1748-24461 (56)
J1748-2446) (56)
J1909-3744 (57)
J0024-7204H (56)
B1802-2124 (58)
J051-4002A (56)
B1516+02B (59)
J1748-2021B (60)
J1750-37A (60)
J1738+0333 (61)
B1911-5958A (62)
J1614-2230 (63)
J2043+1711 (64)
J1910+1256 (28)
J2106+1948 (28)
J1853+1303 (28)
J1045-4509 (31)
J1804-2718 (31)
J2019+2425 (65)
J0045-7319 (31)
J19‘03+'03Z‘7 (6§)

*

. @ Hulse-Tayl
‘o
'@ |InM15

I Double pul:
e
.

| In NGC 654

| ——
—o—i

11| InNGC653

[
r—

T

r binary

S
Feo—

—e
o }InTerS

ns pulsar
Tuc

C 1851

fF——®&——InM5

n NGC 6441

GC 6752

' '

|
15

Neutron star mass (M)

INNGC6440 H—0—

Lattimer, ARNPS 62, 485 (2012)

Predicted neutron star gravitational masses are
within the range delineated by the vertical lines.
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Comparing Oak Ridge and MPA Models
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Comparing Oak Ridge, MPA, and Princeton Models

Burrows et al. 2016
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All 3 groups obtain explosions across the same progenitor set.

that all simulations be carried out to 1-2 s after bounce (only

Explosion energies will vary. Variation in part likely due to the different “closures” used in the neutrino moment equations
18
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suo 3D Counterpart Models

DB: C15-3D-1-000050000.silo
Cycle: 50000 Time:4.92608

Pseudocolor
Var: hydro/Entropy
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Simulation Stats Lentz et al. 2015. Ap.J. Lett. 807, L31.

* 64,800 cores
» 35 weeks/postbounce second

100 M processor-hours/postbounce second 20
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Oak Ridge 3D Explosion Model
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Lentz et al. 2015.

Explosion evident, but model must be run much longer to assess explosion energy and other observables.
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Melson et al. 2015a, Ap.J. Lett. 801, L24.
12/6/201610150n et al. 2015b, Ap.J. Lett. 808, L42.
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(10%) reduction in axial vector coupling constant for
neutrino-nucleon scattering leads to explosion in 3D 5,




Sensitivity to
Weak Interaction Cross Sections
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Acleling Known Physics



When Micro and Macro Worlds Collide
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Shell Model Deployed: “Hybrid Model” [Langanke et al. Phys. Rev. Lett. 91, 241102 (2003)]

When nucleon correlations are included in nuclear shell model, electron capture
12/6/2016 on nuclei and, hence, shock formation mass, are notably altered. 25



Shock radius [km]
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When Micro and Macro Worlds Collide
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Sensitivity to Uncertainty
in the Cross Sections

12/6/2016
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When Micro and Macro Worlds Collide

Nelithine
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Sullivan et al. Ap.J. 816, 44 (2016)

Similar change in shock formation mass as
section is varied within its range of uncertc
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When Micro and Macro Worlds Collide

THE ASTROPHYSICAL JOURNAL LETTERS, 808:L42 (8pp), 2015 August 1 MELSON ET AL.
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El%iaxl;?a,qb [1049 erg]

0(10%) reduction in axial vector coupling constant for neutrino-nucleon
12/6/2016 scattering leads to explosion in 3D for the WHQO7 20 Solar mass model. 29



Sensitivity to
Nuclear Equation of State




p (x 10" g/cm?)

Entropy per baryon  Velocity (x 10* km/s)

Electron fraction (Ye)

When Micro and Macro Worlds Collide

THE ASTROPHYSICAL JOURNAL, 774:17 (10pp), 2013 September 1 doi:10.1088/0004-637X/774/1/17

© 2013. The American Astronomical Society. All rights reserved. Printed in the U.S.A. . . B B .
Similar comparison must be carried out in 2- and 3-D.
CORE-COLLAPSE SUPERNOVA EQUATIONS OF STATE BASED ON NEUTRON STAR OBSERVATIONS
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A Look Anhead
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3D Progenitors

33



Mass 0.0 025 050 0.75 1.0
Time=_20.00 (s) Fraction

5.0e+07
3.8e+07
2.5e+07

1.2e+07

0.0
ax: 5.3e+07

in: 3.0e+03

nuc(erg/gls)
-1.0e+15

2000 -1000 0 -2000 1000 2000

-1000 0 1000 2000 -2000
Distance [km] Distance [km]

-1000 0
Distance [km]

Couch et al. Ap.J. Lett. 808, L21 (2015)
Mueller et al. arXiv: 1605.01393 (2016)

Silicon burning in 3D prior to core collapse results in significant deviations from
spherical symmetry that impact the development of multi-D effects in the post-

shock region.
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Preview or lmpact o
Magnetic Fields
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Obergaulinger et al. 2015, ASP Conf. Ser. 498,
Proceedings of ASTRONUM 2014.

Magnetic fields stabilize high-entropy bubbles.

High initial B fields are required to see significant

quantitative changes.
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| Isincrease in B field in 2D case
> underestimated?

2D

Endeve et al. 2012 Ap.J. 751, 26.

Initial magnetic field strength amplified by
SASI-induced turbulence, to neutron star
magnetic field strengths.

3D y
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Progress to date in the context of 2D core collapse supernova simulations suggests
that when the first five ingredients are included in multi-physics models, and when
non-spherical progenitors are used, we may (in the context of 3D simulations) predict
explosion energies and other quantities in good agreement with observations, across
a range of initial conditions (e.g., progenitor mass) and across simulation groups.

Will 3D simulations bear this out? We have only a few ongoing multi-physics explosion
models, but none have yet covered the full window of post-bounce time (~1-2 s), which
12/6/201 6Wi// enable the community to make quantitative assessments regarding the explosion

. 37
energies, etc.
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