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Elements of Neutrino Shock Reheating

Fundamental Building Blocks

E) v-Luminosity
‘ l —»  Matter Flow

Shock j“/’f”-_ﬁéﬁi—n‘g\-\f\'  Neutrino Heating
\ ; ' /  Convection
: o SASI

* Nuclear Burning
* Rotation
* Magnetic Fields
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3D Model

Blondin, Mezzacappa, & DeMarino, Ap.J. 584, 971 (2003)

Shock wave unstable to non-radial perturbations.

SASI has axisymmetric and nonaxisymmetric modes
that are both linearly unstable!

— Blondin and Mezzacappa, Ap.J. 642, 401 (2006)

— Blondin and Shaw, Ap.J. 656, 366 (2007)
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The Heart Of the Matter Neutrino heating depends on

neutrino luminosities, spectra,

E> v-Luminosity
‘ l —  Matter Flow
Shock “‘ "/—I-’I—_'——\\\ '
\ o ye+:a_tl"§+ . / w Must compute neutrino distribution functions.
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Bruenn, Ap.J. Suppl. (1985)

“Standard” Emissivities/Opacities * Nucleons In/ nUc e |
* No energy exchange in nucleonic scattering.

* e+ p(n),A< V,(Ve)+n(p),A' Langanke et al. PRL, 90, 241102 (2003)
23 * Include correlations between nucleons in nuclei.

e'+e <=V,  +Veur

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

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

'\ 2
ds’ = —a’di’ + (%) da® +r*(d6’ + sin’ 6dg’)
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Flow Flow 2 0.80.
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Bruenn, DeNisco, and Mezzacappa, Ap.J. 560, 326 (2001)
Liebendoerfer et al. Ap.J. 620, 840 (2005)
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Conservative treatment presents a significant challenge. Collision Term

* Liebendoerfer et al. 2004. ApJ Suppl. 150 263 1. Geometric Effects

Cardall & Mezzacappa 2003 PRD 68 023006 2. Special Relativistic Effects
e Cardall, Endeve, & Mezzacappa 2013 PRD 87 103004 3. General Relativistic Effects
* Cardall, Endeve, & Mezzacappa 2013 PRD 88 023011

‘ 1. What equations to use for the neutrino radiation hydrodynamics is nontrivial.
2. Discretizations must be chosen to ensure number and energy conservation simultaneously.

Spatial Newtonian Partial Weak | Complete
Dimensions or GR Interactions | Weak
(Thompson Interactions
et al. (2003))
Lentz et al. 1 X X X X GR-Full Op
(2012)

Ott et al. 2 Newtonian X X
(2008)

Sumiyoshiand 3 Newtonian X X
Yamada

(2012)
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Peeling Away the Physics

ReducOp = Bruenn (1985) — NES + Bremsstrahlung (no neutrino energy scattering, IPM for nuclei)

2001"|||.
EISO
=]
ERN
g 1007
‘M -
g ' GR-FullOp -
5 50l N-FullOp -
N-ReducOp 1
N-ReducOp-NOC
O

0 20 40 60 80 100 120 140

post-bounce time [ms]
Lentz et al. Ap.J. 747, 73 (2012)

Agile-BOLTZTRAN

See also B. Mueller et al. 2012. Ap.J. 756, 84 and O’Connor and Couch (2015)
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Grand Scheme of Things (2D)

2D Multi-
Frequency (3D)

Models

Newtonian General
wtoni Relativistic
|
2D Transport
Ray-by-Ray Ray by Ray :
2D Transport without
Transport Transport Relativistic Terms
N\ N\ N\ N\
Single Flavor Three Flavor Single Flavor Three Flavor Three Flavor Three Flavor

Partial Weak
Physics

Partial Weak
Physics

Partial Weak Partial Weak Partial Weak
Physics Physics Physics

Full Weak Physics

- = - 2

N\ N\ N\ N\ N\
VMRSl Dolence et al ileilios sl Bruenn et al O’Connor and
Suwa et al. (2016) (2014), Nakamura Pan et al. (2016) : (2012, 2013, N
etal. (2014) (2014) 2014) (2013, 2016) Couch (2015)
J J J J ’
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Granec Seheme

©f
Things
(3D)

Progenitor Masses Used

e Takiwakietal 11.2 M
e lentzetal. 15M

* Hanke, Tamborra, Melson
etal 9.6, 11.2, 20, 27 M

3/8/16

3D Multi-Frequency
(4D) Models

Newtonian

General Relativistic

M

Ray-by-Ray Transport

7\ 2\

Ray by Ray Transport

-

J/ J

Single Flavor

Three Flavor

Partial Weak Physics

Full Weak Physics

J

|

——

Takiwaki et al. (2012,
2014)

—_— e e e e

-
Hanke et al. (2013),

Tamborra et al.
(2013, 2014),

Melson et al. (2015)

Lentz et al. (2015)

10



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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Comparison with Observations

Explosion Energy [B]
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Proto-NS Mass [M ]

Proto-NS Velocity [km s7]

Proto-NS Velocity [km s]
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THE ASTROPHYSICAL JOURNAL, 766:43 (21pp), 2013 March 20

MULLER, JANKA, & MAREK

Table 1
Model Setup
Model Progenitor Neutrino Treatment of Simulated Angular Explosion Time of EOS
Opacities Relativity Post-bounce Time Resolution Obtained Explosion?
G8.1 u8.1 Full set GR hydro + xCFC 325 ms 124 Yes 175 ms LS180
G9.6 79.6 Full set GR hydro + xCFC 735 ms 124 Yes 125 ms LS220
Gl11.2 s11.2 Full set GR hydro + xCFC 950 ms 228 Yes 213 ms LS180
GI15 s15s7b2 Full set GR hydro + xCFC 775 ms 228 Yes 569 ms LS180
S15 s15s7b2 Reduced set GR hydro + xCFC 474 ms 228 No LS180
MI15 s15s7b2 Full set Newtonian + modified potential 517 ms 228 No LS180
N15 s15s7b2 Full set Newtonian (purely) 525 ms 124 No LS180
G25 $25.0 Full set GR hydro + xCFC 440 ms 124 No . LS220
G27 $27.0 Full set GR hydro + xCFC 765 ms 124 Yes 209 ms LS220
Note. ? Defined as the point in time when the average shock radius (rg,) reaches 400 km.
SUBMITTED TO APJ ON 2015 NOVEMBER 23 O’CONNOR & COUCH
Table 1
Reference Gravity EOS Grid v Treatment s12 s15 s20 s25
Exp? | fexp [s] | Exp? | fexp [s] | Exp? | fexp [s] | Exp? | fexp [s]
Bruenn et al. (2013) GREP | LS220 Spherical | MGFLD RxR+ | Yes | 0.236 | Yes | 0.233 | Yes | 0.208 | Yes | 0.212
Hanke (2014) GREP LS220 Spherical VEF RxR+ Yes 0.79 Yes 0.62 Yes 0.32 Yes 0.40
this work GREP | LS220 | Cylindrical MG M1 No - Yes | 0.737 | Yes | 0.396 | Yes | 0.350
Dolence et al. (2015) NwW H. Shen | Cylindrical MGFLD No - No - No - No -
Suwa et al. (2014) NwW LS220 Spherical IDSA RxR Yes 0.425 No - No - N/A N/A
this work NW LS220 | Cylindrical MG M1 No - No - No - No -




@@k @U@ﬂg@ 3@ M@@]@” Lentz et al. 2015. Ap.J. Lett. 807, L31.
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15 M
LS (220) 3D C

DB: C15-3D-1-000792000.silo
Cycle: 792000 Time:99.9006

(km)

Y Axis

xis (km)

Simulation Stats Lentz et al. 2015. Ap.J. Lett. 807, L31.

* 64,800 cores
* 35 weeks/postbounce second

e 100 M processor-hours/postbounce second
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Comparing Qualitative Behavior

Mean Shock Radius (km)

Similarities in the qualitative behavior of 2D models, and 3D models, obtained by the MPA and
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Oak Ridge groups is evident in the above graph.
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What’s Next?

Replace 1D RbR Transport with 3D (Lowest Angular Moments) Transport

Replace GR Monopole Correction with “Full” GR

Replace 3D Moments Transport with 3D Boltzmann
Transport

Will require ~3 days @ 1
PF sustained.

Replace 3D Boltzmann
Transport with 3D

Will require ~12 days @ [eVEsIibagh -l ile
1 EF sustained.

Strong scaling essential.

~4000X more
computationally
intensive.

Will there be enough
memory?
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CCSN Neutrine Signatures

What are the amplitudes, variations,
and time scales of the accretion
signatures?

Accretion /

10.8 M, —

=“Shock  Eischer+10 —
Revival”

Cooling

Vy = {Vua Uiy Vry 177} :

What are the explosion time scales
- i.e., when does the cooling phase begin
for each progenitor?

What are the late-time neutrino signatures

- i.e., the signature at O(10) s?

What is the impact of neutrino mixing on
all of the above?

Luminosity [B s-]

|

Ll l ) Ll 1| l ) Ll 1| l Ll lA
200 250 300 350 400 450
Time [ms]



Wish List

o The absolute flux from the neutronization burst.
* Will allow us to discriminate between different EOS.
o The ms-scale structure of the emission from the accretion phase (convection vs. SASI).
* We need at least 1 ms timing resolution to discern the feature that precedes the
neutronization burst, which depends on the symmetry energy, as well as the
neutronization peak.
 We need 1 ms timing to resolve well the O(10 ms) SASI cycle time.

o 10% energy resolution is sufficient.

o Need SnowGlobes to handle neutrino energies above 100 MeV.



Wihat We Can Provicde

We can provide

o raw luminosity spectra as a function of time,
o our output from SnowGlobes,

o our alpha fit (2-alpha fit as a function of time).
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Signatures of Supernova Dynamics

Messer, Devotie, et al. In preparation.
2500 | | | | | | | |
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2000

Mixing washes out details of shock revival
and dynamics.

Reconstruction of raw signature will be
necessary.
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Oak Ridge group evolves both the neutrino and the antineutrino distributions for all 3 flavors.



Counts

Signatures of the Mass Hierarchy

Messer, Devotie, et al. In preparation.

10° F T T T T T T T T 3
. _:’:_’—:'—::;::_’5
q__‘ﬁ—;:'::,_’—f. _______
f el .
- ﬁ,
10* F = _ -
: P 3
P =
y 7
7 —
P4 ===
10° F 4 E
: w/ :
s / -
/ — — —_——
I — =
102 3 il = = 2D E
[ = ---3D
q1/ :
o ' -
1L -
10°E ve + WAr — e + K" [Argon| E
v, + Pb — e + " Bi + n [Lead]| 3
/) 7. + p — €' + n [scint]
# v, + p — e + n [water-30prct]
100 | 1 1 1 1 1 | 1 1
0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 0.45

Time (s)



Counts

Signatures of the Mass Hierarchy
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Letting Space Tell Us About Matter

Yakunin et al. 2015. Phys. Rev. D 92, 084040

Gravitational wave signal is dominated by
the SASI and the SASI-induced accretion flows

impinging on the PNS surface. °0 | BI15-WHO7 r > 500 km
N_
* Evidence of the SASI. S~

Explosion is imprinted in the signal as well.

* Explosion time scale.
* Progenitor.
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