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As the massive star Hillebrandt & Janka 2006 (Sci Am)
nears its end, ittakes

on an onion-layer structure
of chemical elements

Iron does not undergo nuclear fusion, so the core
becomes unable to generate heat. The gas pressure
drops, and overlying material suddenlyrushes in
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Within a second,

the core collapses
to form a neutron star.

Material rebounds off the

neutron star, settingup a
shock wave

Neutrinos pouring out of the
nascent neutron star propel the
shock wave outward, unevenly

gas bubble

The shocks s
through the entire
star, blowing it apart

Downdraft
ofcool gas



Supernova neutrino “light curves”
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Supernova neutrino “light curves”
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The neutronization burst is insensitive to
a lot.

Kachelriel3+ 2005
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The neutronization burst is insensitive to
a lot.
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The neutronization burst is insensitive to
a lot.
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The neutronization burst is insensitive to
a lot.

Kachelriel3+ 2005
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-..but, modern EOS’s have much smaller
differences.

Neutrino Luminosity vs Time, Post-bounce
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-..but, modern EOS’s have much smaller

0.02

R. Landfield, PhD thesis (2017, U. Tennessee)

differences.
Neutrino Luminosity vs Time, Post-bounce
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Post-bounce profile
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Neutrino heating in the gain region
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Neutrino heating depends on
neutrino luminosities, spectra,

and angular lons.

= NMust compute neutrino distribution functions.

Multifrequency
f(t9r38’¢’E’Hp’¢p) Multiangle

Multif
Eytr0.0.8)= [do,dy, £

lowest-order

F.(t,r,0,¢0,F) = fdﬁp dgbp n'f  multifrequency
angular moments:
energy and momentum
density/frequency)

Requires a closure prescription:
« MGFLD
* MGVEF/MGVET %QAKRIDGE &l



Bruenn et al. 2013. ApJ, 767L, 6B.

Chimera model: B15-WHO7

-327.5 ms

- Entropy (K_b/nucieon):
600} -

400}

-200
-400

-600

Radial velocity (kmn/s)

-1000 -500 0 500 1000
(km)



Supernova neutrino “light curves”
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Many 2D simulations have been performed
in the past few years by several groups.

|

S\ V22
adapted from O’Connor & Couch (2016) Explosions! ‘%;7\\%
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 L.S220 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
O’Connor & Couch (2016) | GREP | LS220 | Cylindrical MG M1 No — Yes | 0.737 | Yes | 0.396 | Yes | 0.350
Dolence et al. (2015) NW H. Shen | Cylindrical MGFLD No — No — No — No —
Suwa et al. (2014) NW L.S220 Spherical IDSA RxR Yes | 0.425 No — No — N/A N/A
O’Connor & Couch (2016) | NW L.S220 | Cylindrical MG M1 No — No — No — No —
Burrows et al.(2016)| GREP | LS220 | Spherical| MG M1 Yes | ~.310| Yes | ~.370| Yes |~.410 | Yes | ~.340
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A

15 solar mass 3D run rr LR T ||| L

~6 months on ~48.000 cores

15 solar mass WHO7 progenitor
* 540 radial zones covering inner 11000 km
» 180 phi zones (2 degree resolution)

» 180 theta zones in "constant mu" grid, from 2/3 degree
at equator to one 8.5 degree zone at pole.

*“Full” opacities

*0.1% density perturbations (10-30 km) applied at 1.3 ms
after bounce in transition from 1D.
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http://eagle.phys.utk.edu/chimera/trac/wiki/progenitors/WH07
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v el ——— Eniropy (k_B/nucleon) Lentz et al. ApJL 807, L31 (2015)



3D vs 2D luminosities
Lentz et al. ApJL 807, L31 (2015)
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3D vs 2D continued

Florian Hanke, PhD project (2014), MPA
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Probing multi-D supernova dynamics
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signal.
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LESA

Lepton Number [1 08 3‘1]

1110" em™s ™

from Tamborra (FOE2015, NCSU)
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Is the LESA a generic instability?

Direction of Lepton Emission Dipole
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Supernova neutrino oscillations
(see, e.g., Mirizzi+ (2015), Duan+ (2010) for reviews)

proto-NS stellar core stellar envelope Vacuum Earth
,u>>)\ W31 = A wglﬁ)\ wglﬁ)\
10°=10"gem™2  10°gem™ 1-10gem™3 1-10gem™3
< 3 MSW MSW MSW
r 107 km H Resonance L Resonance L Resonance
Self-Induced
(likely?) (figure inspired by C. Lunardini)

suppressed in
accretion phase
e.g. Chakraborty+
(2011)
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SN v oscillations: simplest scenario
(see, e.g., Mirizzi+ (2015), Duan+ (2010) for reviews)

* No self-induced oscillations, no Earth effects, adiabatic evolution.
Survival probabilities:

Normal Hierarchy: (P.e, P.e) = (0, cos> 012)
Inverted Hierarchy: (P.c, P..) = (sin® 612, 0)
o ——————
. [ Original v, spectrum I Complications:
2 20F (no oscillations) .
; . Partial swap 1 Shocks (non-adiabaticity
g v (Normal hierarchy) 1 when H resonance reached),
£ 1 1 turbulence
s 1.0f — =
— . Full swap v, © v, !
) | _ .
+= : (Inv. Hierar.) ;
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Count rate - vo + 4%Ar » e + 40K’

Messer, Devotie, et al (submitted)
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Supernova neutrino “light curves”
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PNS cooling

* The long term neutrino cooling signal
IS not particularly sensitive to

progenitor structure for fixed remnant Progemtor Dependence
Mass | Roberts (MSU) ' ™

- But, like the SN models preceding
them, PNS cooling models need
accurate treatments of macro- and
microphysics. In particular,

—convection

—neutrino opacities

—nuclear correlations at high density

0.1+ 1. 6 I\/Isun PNS h

0 10—1 100 ””'1'(31 -
t OoS ounce
See also, e.g.: post-bounce (5)
Burrows & Lattimer (1986), Pons+(1999), Keil+(2003), L. Roberts (MSU)
Fischer+(2010,2012), Hudepohl+(2010), Nakazato+(2013),
Mirizzi+(2015) % OAK RIDGE
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PNS cooling

. R +(2012
« PNS convection | ,Oberts .( 0 . )

significantly impacts the
neutrino cooling
timescale, produces a
break in the neutrino
emission

No Convection g’=0.6 GM3|
— Convection MF GMS3 I

Convection g’'=0.6 GM3 ||

Convection g’=0.6 IU-FSU

* Neutrino opacities
especially important to
the late time cooling
timescale
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—In particular, nuclear
correlations can also
leave a signhature on
the tail of the neutrino
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http://wwwmpa.mpa-garching.mpg.de/ccsnarchive/archive.html

Neutrino-driven CCSNe:
Sources of gravitational waves

Core Collapse and Explosion
l ) » ) Seutrinos
© -
-
s !
- - R S
N Standing Accretion
¢ ofe
: sy Shock Instability (SASI)
»
\— ‘7‘\'." - - - = | |
Explosion Energy versus Progenitor Mass
‘ ( l \ X/f;)ssley»H‘eger 12‘, 15, 20, 25 S(‘)lar Ma‘ss Non‘rolating‘ Proge?‘lilors; ‘256 X 2‘56 Spal‘ial Res‘olution
| W15 ol s progenior
Stellar Core Bounce Proto-Neutron Star Pgs#?Shock Region — |

/ (PNS) Instabilities eftrino-Driven Convection

Explosion Energy [B]
T

i T T T T T j i |
- | 0.8 M@ — Ve .
- 100 = " FiSCher+1O - Ve 3 L T 91;4ime‘ froii bo‘uncgg[s]‘ s
IU) - \ — Z Ux /4 i
m [ f] ; |
EER N / Explosion
2 10 [ E
N o " ‘ .
g N - \ ]
E i \\ -
E = ‘
1 3 \'\\ -
: - I I L v 1 I L1 ] ]
0 0.1 0.2 0.3 0.4 0.5 08 1 2 5 10

%OAK RIDGE | 9% &gt
National Laboratory | COMPUTING FACILITY
t — thounce [s]



Gravitational wave signal

PNS Instabilities
Induced GW

Source: PNS

A. Mezzacappa

s: 2D amplitudes
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Gravitational wave signal: Source analysis

Sources of Gravitational Radiation

(1) PNS convection in region A.
(5) SASI-Induced Modulation (Low Frequency)

(2) Acoustic waves in the PNS initiated by PNS
convection.

(3) Deceleration of infalling convective plumes.

(4) Excitation of PNS g-modes by these down
flows (2D) or by PNS convection (3D).

« Marek, Janka, and Mueller, A&A 496, 475 (2009)
* Murphy, Ott, and Burrows Ap.J. 707 1173 (2009)
* Mueller, Janka, and Marek Ap.J. 766, 43 (2013)

N\

g-Mode Frequency (Brunt-Vaisala Frequency)

PNS

: Xiv:1607.051 | 32
Andresen et al. 2017 arXiv:1607.05199 N L 6M [T = Dm, (| G.‘W)""

\ r = T R\ Thr R

The late-time, high-frequency GW is given by the g-mode
A. Mezzacappa frequency in B (A2) for the 2D (3D) case. # OAK RIDGE
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GW amplitude: Correlation with accretion

B12-WHO7

S Cessation of accretion corresponds to
., cessation of high-frequency component of
- | GW amplitude.
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Gravitational Wave Signals: 2D vs. 3D
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Summary

 Modern multi-dimensional core-collapse supernova simulations
with high-fidelity neutrino transport routinely explode.

e But, differences in:
—2D vs 3D,
—the treatment of gravity,
—neutrino microphysics,

—and other effects (e.g. the level to which pre-shock flows are different from
purely radial),

can make qualitative and quantitative differences (including non-explosion).

* Multi-D effects can modulate the neutrino signal in multiple flavors on 10 ms
time scales.

* The ability to answer questions regarding collective flavor transformations
with fully-integrated simulations will require methods and implementations
for quantum transport.

 CCSNe simulations with high-fidelity neutrino transport necessarily cover the
collapse and accretion epochs, extending little into the PNS cooling epoch.

*Neutrino emission and GW emission both occur in and above the outer
precincts of the PNS during the explosion and post-explosion epochs,
providing real multi-messenger correlation possibilities.
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