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Explosion Mechanism
by
Neutrino Heating



Neutrinos &
SN Explosion
Mechanism

Paradigm: Explosions by the

neutrino-heating mechanism,

supported by hydrodynamic
instabilities in the postshock layer

R_ ~200 km

« “Neutrino-heating mechanism”: Neutrinos revive' stalled shock by energy deposition
(Colgate & White 1966, Wilson 1982, Bethe & Wilson 1985);

» Convective processes & hydrodynamic instabilities support the heating mechanism

(Herant et al. 1992, 1994; Burrows et al. 1995, Janka & Miiller 1994, 1996;
Fryer & Warren 2002, 2004; Blondin et al. 2003; Scheck et al. 2004,06,08).



Neutrino Heating and Cooling
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Explosion Modeling
Variety of modeling approaches, wide range of sophistication.
Method of choice depends on questions to be addressed.

Question of viability of neutrino-driven mechanism requires most
detailed and consistent treatment of hydrodynamics, gravity (GR),
microphysics, and neutrino transport.

This also holds for reliable predictions of neutrino and GW signals,
nucleosynthesis conditions in neutrino-heated matter.

Basic understanding of hydrodynamical instabilities, explosion
asymmetries, pulsar kicks & spins, progenitor-remnant connection,
might be possible with less ambitious modeling approach.

Keep in mind limitations when conclusions are drawn!



Explosion Mechanism:

Most Sophisticated Current
Models



0/ YpW 8\/_ oW

5 e = O e | General-Relativistic 2D
— 200 i, )
8\/7P;W21Jj 4 —g (Ph:;:)g +53P) _ l\/—_gT“Vag“f’ n (3\/(;83)6" (2.6) Supemova Models
NI NWTICTLP) g (w00 povrs,) (%5). (Miiller B., PhD Thesis (2009);
, (2.7) Mdller et al., ApJS, (2010))
iNGTA S + 6\/—_ng1’3@‘ _ (BﬁpWYe) 28)
at oz o )
aﬁg:m‘“ + a‘/__gg’;fx’“f’i _ 0. (2.9) GR hydrodynamics (CoCoNuT)
Ad = —27¢° (E + m) : (2.10)
167
Ala®) = 27wad® (E + 28 + m&#) ; (2.11)
Agt = 16ma¢?S’ +26'° KV, (;6) — %ﬁ'*ﬁ'jﬁj, (2.12)
MJ& (W%—ﬁrvr)ﬁ-l-(er;_z_ﬁr) f] - (2.28) | :M + 5| (w5 - 5e) A*(”;”:%"‘?i] - (2:29)
avel s (- ) v (- 5) B -5+ e vl ; Lﬂ(:‘ ﬁ?* (ﬁ;l¢_“26_ K +6%
WEH[ (Bt 208y 2 INAW e (g0 - 2} - wek [n (5 -2%5) -5+ W (05 -

ﬁrW aﬁr o] 3&6‘0;» 31.’7-
o () v (G -5} -

WJ [_ (,Br_ﬁ) +2(,6r_%) M 28]-n¢

¢* $* ) or ot
6‘,8452 Blnr,b) a@]naW ( Oy 61)‘»)]
H
wit s, (255 - 2258) - SO o (s 5 - 5]+
&W 98 W a ( ) 5 ( a Ouy Bv,n)] A(0)
K - T e = s
; ar + Wupr— 72 w & or + v T aC

Neutrino transport (VERTEX)

BW 3,6T 12, 3(&6?1}T 31:1,)]}
EL[ or +Wra(¢2)+w 20 +r3t +

(Wa) Wa Ws(av,_ﬁrav,,

O-8) [ (7-5)+ 5 () -7
(H L) [Waaavr AW 9w Wo, B(a) BW]

& o 7 o rg?

o |1 v, avy\ Olng 3ln¢
wall (o= %) +2 (o) 5 25 -

2
WE [vr (8,8,.@5 _281n¢) _ EalnaW (ﬂrav,. Bv,)] N

ar ot @2 Or

T

E[ﬂrW_8,8,W+err£(i)+wa(a6‘vr+ r@w) _
or \r¢?

T ar ot

¢2




Neutrino Reactions in Supernovae

Beta processes:

Neutrino scattering:

Thermal pair
processes:

Neutrino-neutrino
reactions:
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The Curse and Challenge of the
Dimensions

Boltzmann equation determines neutrino
distribution function in 6D phase space and time

f(r,0,0,0,®,¢,t)

Integration over 3D momentum space yields
source terms for hydrodynamics

O(r.0,0,1),Y,(r,0,0,1)

Solution approach Required resources

* 3D hydro + 6D direct discretization of Boltzmann Eq. « > 10—100 PFlops/s (sustained!)
(code development by Sumiyoshi & Yamada '12)

e 3D hydro + two-moment closure of Boltzmann Eq. « >1-10 Pflops/s, TBytes
(may be next feasible step on way to full 3D) B

e 2D hydro + "ray-by-ray-plus" variable Eddington factor e >0.1-1 Tflops/s, < 1 TByte
method (method used at MPA/Garching)



"Ray-by-Ray" Approximation for Neutrino
Transport 1in 2D and 3D Geometry

Solve large number
of spherical
transport problems
on radial “rays”
associated with
angular zones of
polar coordinate grid

Suggests efficient
parallization over the
“rayS”
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Performance and Portability of our
Supernova Code Prometheus-Vertex

Code employs hybrid
MPI/OpenMP programming i
model (collaborative Strong Scaling
development with Katharina - : : :
Benkert, HLRS).

Code has been ported to different ' /’ ,
computer platforms by Andreas y !
Marek, High Level Application 10k J/ e -
Support, Rechenzentrum o [ Bluegene/P o . ]
Garching (RZG). § Eowgrﬁ R4

uropa
Code shows excellent parallel :Ji une

efficiency, which will be fully
exploited in 3D.

0.5k 8k 32k 65k
#cores

Andreas Marek, RZG (2011)



Computing Requirements for
2D & 3D Supernova Modeling

Time-dependent simulations: t~ 1 second, ~10° time steps!

CPU-time requirements for one model run:

%% In 2D with 600 radial zones, 1 degree lateral resolution:
~ 3*10" Flops, need ~10° processor-core hours.

%% In 3D with 600 radial zones, 1.5 degrees angular resolution:

~ 3*10® Flops, need ~10° processor-core hours.
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Supernova Explosion
Models 1n 2D



SN Models of 8.8 M__ Star with O-Ne-Mg Core

Convection leads to slight increase of

explosion energy, causes explosion
asymmetries, and ejects n-rich matter!
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file:///home/thj/TALK_GSI-11/GSI-11.sxi/scripts/gif_ONeMg.sh

CRAB Nebula with
pulsar, remnant of
Supernova 1054 -

a3

Explosion properties:

Eexp ~ 10°° erg = 0.1 bethe
My ~ 0.003 Mgy,

Low explosion energy and
ejecta composition (little Ni, C, O)
of ONeMg core explosion are

compatible with CRAB (SN1054)

(Nomoto et al., Nature, 1982;
Hillebrandt, A&A, 1982)

Might also explain other low-
luminosity supernovae (e.g.
SN1997D, 1999br, 2008bk)



Relativistic 2D SN Models Fe-Core Stars

* Relativistic (GR) 2D calculations _ — G
basically confirm our explosions with = — GI5
“effective relativistc gravity potential’. & 150 , _ §
S S Diagnostic
. Explosm_ns in GR can develop faster = “explosion energies”
and earlier. GR effects help! S 1r
« 2D explosions are seemingly I
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Relativistic 2D SN Simulations

» Convection or SASI (= “standing accretion shock instability”) ?

@ Violent, long lasting shock oscillations support onset of explosion and
produce quasi-periodic variations of neutrino emission and gravitational-wave
signal.
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2D GR Explosions of 15 M_ _ Star:

Neutrinos and Grav1tat10nal Waves

neutrino mean energy [MeV]

. N 52 1
neutrino luminosity [10" erg s ]
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( Maller et al. 2011;

Muller, THJ, Marek 2012)
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Influence of NS EoS



2D Explosions of 11.2 M__Star: Test of EoS Intluence
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Test of EoS Influence

Connection between 1D shock stagnation radius and NS radius:

L, 4/9315/9 8/3 (kT )8/3 4/3
Rs ( <Eu>) o : ( B u) o —
w2303 M23MLE  M2/3MP (kpT,)8/3
Ry o< Rps
L, o R2,TZ, and (€2) o (kgT,)? for neutrino (v € {ve,7e})

(THJ; arXiv:1206.2503)

For study of influence of EoS without accretion feedback and PNS evolution,
see S.M. Couch (arXiv:1206.4724)



Progenitor-Explosion and
SN-Remnant Connections



Questions for SN Modeling in
Astrophysical Context

Astrophysical consequences of neutrino-driven SN explosions
Compact-remnant masses of stellar core collapse

Variation of explosion properties (explosion energy, nickel yield)
in dependence of progenitors

Comparison of neutrino-driven to piston-driven/artificial explosions

What are the limits/constraints of neutrino-driven explosions?



Explosion Trigger

So far:

* Piston-driven explosions with chosen mass cut and explosion
energy (e.g., Weaver & Woosley 1995, Zhang et al. 2010)

* “Thermal bombs” with predefined explosion energy
(e.g., Aufderheide et al. 1998)

« Application of simple, parametric explosion criterion based on
progenitor/bounce compactness (O'Connor & Ott 2011)

« Application of simple analytic theory of explosion energetics and
fallback (Fryer 2006, Belczynski et al. 2011, Fryer et al. 2011)

« 2D explosions for ~0.5 seconds for few (3) progenitors (Fryer 1999,
Fryer & Kalogera 2001)



Explosion Trigger

Now: (Ugliano, THJ, Marek, Arcones, arXiv:1205.3657)

« Self-consistent, parametrized neutrino-driven explosions in 1D:
After onset of explosion follow neutron-star cooling for 15-20 s,
continue to track SN explosion with fallback for days to weeks

* Analytic, parametrized neutron-star core-cooling model, including
self-consistent simulation of accretion luminosity

« Parameters of NS core-cooling calibrated for reproducing
explosion energy, nickel mass, and (roughly) remnant
mass/neutrino-energy loss observed for SN 1987A

« Core-collapse simulations for 101 solar-metallicity progenitors
(from Woosley, Heger, & Weaver 2002)



Progenitor Variations

Progenitor models from Woosley, Heger, & Weaver (2002)
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Progenitor Properties

ZAMS Mass [Mg]
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Explosion Properties
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tge NS cooling [s]

Neutrino Emission Timescale
and Energy
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Explosion Time and Energy
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Remnant Mass Distribution
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Model results folded with Salpeter IMF: LA
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Remnant Mass Distribution

Model results reproduce possible gap in the observed
distribution of NS and BH masses

- OBSERVATIONS

Belczynski et al. (2011)
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Piston vs. Neutrinos: Fallback
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Piston vs. Neutrinos: Fallback
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Results

BH formation seems possible for progenitors with M < 15 Mgyn
(ZAMS mass).

Neutrino-driven explosions can explain SN energies < 2*10°! erg
and nickel masses < 0.2 Mqyp .

Hypernovae with higher energies and more Ni ejection seem to
require a different mechanism.

Gap of remnant distribution between NS and BH masses
naturally occurs.

Results of supernova and remnant systematics depend on set
(e.g., metallicity) of progenitor models, of course.



Summary

Understanding of SN explosion mechanism has made big
progress.

2-dimensional relativistic models yield explosions for “soft” EoS.
Explosion energy tends to be on low side.

3D modeling is needed.

3D models can explain observed pulsar kicks as well as
mixing processes and global explosion asymmetries seen in SN
1987A and other supernovae.

Neutrino-driven mechanism is likely to revise some of the existing
paradigms for progenitor-supernova-remnant connection.
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