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Tweak ™ ~ 8- 107 sec (10MeV) (1014g/cm3)
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Energetics

GM? GM?
AE _ core core -~ O 1053
“ (RFe core RNS ) ( )erg

Eyin ~ O(10° )erg  (obs.)
Eraa ~ O(10%)erg  (obs.)
Eew ~ 77
00 O(10°3)erg ~ E, cf. E,(SNIa) < 10%erg

O0oooboboooboobtobotoobdobobtd v, OO0
MFe core 52 MFe core <EV>
26 E,)~1.2-10 R
m—— S 4M, 10MeV
000 B, tor ~ O(10%3)erg 0 10% 000000

—> thermal v > 0000000 v,
— Ve, Ve, v, OO OOOOOO

E,_ (collapse) ~ 10°terg
E, (neutronization burst) ~ 10°lerg
E, (shocked accreted matter) ~ 10%%erg
E, (PNScooling) ~ 10°%erg



Juooguod

Oy, > O, > Ov,
R(vesphere) > R(Uesphere) > R(v,sphere)
T'(vesphere) < T(Desphere) < T(v,sphere)

(W, ) < (wr) < (W)

00oooooo
T <100MeV, p<10Y¥g/ecm®: p, 7 0000000000
V = (Ve, Ve, Yy Uy, Vry ), ¥, DO 0 vy = i(yu +v,+v,+v.)000

HRERERERE
eTP & U, €70 ¢ DD
e" AN, Z) «— v A (N+1,Z—1)
e"elt «—— vi
plasmon<— v
NN’ «— NNvp (000000)
Nn <— Npl~ vy, Npf~ <— Nny, (modified URCA)
VelUe < Vgly
0 O
vA — VA
vN — vN
vl — vl
NNvr — NNv

vy — v/



JVeneutronization
burst

T(collapse)~O(10-100)ms  t (neutronization burst)<O(10)ms t(stall)=0(100ms)

PNS cooling

l

v heating
Hot Bubble

t(core exp.)=0(1)s T (PNS cooling)=0(10)s



M1 (WMZEE)

Supernova
Explosion

Neutron Star

nglo-Australian Observatory

t(SNE)=hours—-day SN1987A 0000



e DO ODOOMN
0000 (electron capture) e~ A — vA', A, > Reore
e v trapping (p > 10 — 10'2g/cm?)
Ve from e A — v, A’ and e p — ven
main opacity source: coherent scattering veA — VA 0 o A%w?
p /= A < Reore: 000 (neutrinosphere 00 0)

Tait = 3RZ,,0/cA\y > Tayn (neutrino trapping) — v, 0 0
collapse o[E"2 increase

‘o

opaque —® v trapping— > u(v) increase

* v degenerate *

coherent g — nyclei survive ~@—— e capture suppres
scattering not so n-rich

Positive feedback (Sato 1975) SN1987A OO 0O

VeA «— e A, ven<— e p ((w.) S 3pe)
VeA ¢— VA, VN <— 1N (~ isoenergetic scat.) | = YL trap
vee~ — Vee~ (down scattering: w, \, , A\, )



o DO UOOODODOMO

Rshock < Rysphere

ooooooogoon S.~0(Q),T. ~ O(10)MeV, Y, ~ 0.3
=0000000: 000000 (PNS: protoneutron star)
Ve, Vo, Vp: 0000 (py, > 100MeV, up, = —piy,, by, = 0)

Y 2
M. ~ 1.457M@( Ltfap) = 0.6 ~ 0.9M,

0.5
GM?
Eshock  ~ R—IC X YLtlfa(s ~ several 10°'erg
1.C.

> Egng(kinetic + radiation) ~ 10°'erg

Rshock < Rz/sphere
e [ [0 neutrinosphere I [

O000000000: A—np, ep—>nr, 000 (o(e”A) <o(ep))
r(shock) < r(vsphere): 00000 v, O trap 00000
r(shock) > r(vsphere): 00000 v, OOOOO0OODOOO

main opacity source U 00O O OOO0OOOMOMO
— v, 00000000 (neutronization burst)
TNB " Tshock propagation S 10msec, Lz/e NB < 105361"g/S€C

:>fLye NBdt~105lerg
Y.OOOOdeep trough DO OO OO0 O0OOOOO



o U UDOOOUDODOONO
In the shocked region (S ~ O(10), 00 O0OO)

A —np, e et O
e"p > Uell, e'tn <— Up
e"et «—— vi

vN — vN, vet — pet

Ve, Ve, Vy: thermal energy DO OO 00w, v.: DO0O0OD0OO0OO0OOOOOO
Ve,Vp: 00 0O00D00OO (ng,,, (center) < ng,_ .. (mantle))
Oo0o0oooooooooooobooouooooboooooooboonooao
[]
Ooo0ooooobooot -000000 00000000
MPNS:Mi.C.(N O.7M@)—>MN8(N 14M@)
OO0o000oooooooooooon
e JOOOOOODOOO
Ooo0oooouooooooono T, ~0 MeV
shocked matter (r ~ O 100km > R,sphere) 1 ~ MeV
Vel —> €7 P hot bubble

U.p — etn : S > 100, p ~ 1()5g/(:nf13
Loty ot heating = I

v — e et delayed explosion (7 ~ O(1)sec)



e JODODODOOOOO 7~ 7aipg = O(10)sec > Tgyn ~ Imsec: 0O 00O
O OO deleptonization
hot lepton-rich PNS — cold Neutron Star
eTp— Vel e n<— TP
eet <« v NN < NN'vi
vN — vN vet — vet
ODO0000000et0000OO0O0OO0Oe et — v, JOONN — NNv, 7, O
Oooodad
PNS = cool (S ~ O(1)) unshocked inner core 4+ hot (S ~ O(10)) shocked
outer mantle
PNS cooling = rapid cooling stage of the shocked outer mantle + cooling
stage of the inner core
p(mantle) is not so high — large A,
000000000 cooling/deleptonization
S(mantle) 0 0 — contraction — T'(mantle) O O
T: mantle D0 0OD0O: 0000 heat lux(ve, v,) — S(core) OO
t>10sec: TOOOOOOOODOOOOOOO
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I Progenitor Model: 11 M, 1
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Neutronization burst. Thompson et al., ApJ 592 (2003) 434 Fig.6 (failed explosion)
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Juoodootdood

YLtra ?
Misnercore  ~  1.457TM, ( - p) — 0.6 ~ 0.9M,,

2
E ~ GMinner core Y. 10/3
shock X X Lirap

Rinner core

~ several 10°terg

Yrotrap WO OOOOOwtrapping 00O core UOOOOODO v, OO
p < pap U0 O OOO0OO Opacity OO0
higher e-cap rate, smaller opacity — smaller Y7, trap, Eshock
gle™p = ven) >0(e”A =1 A)DODOX, 7 = Eshock \
S(Fe core) /' — X, /" — Eshock \
0000000 (bulk/surface) 000007 Weym = Xp \« = Eshock
e down scattering (ve™ — ve™, VA — vA*) OO 00w, \,5 = A,

YL,trap \(7 Eshock \(

o 11 DDOMO
Bruenn’85: p(f7/2) — n(fs/2) 0 Gamow-Teller transition
N < 40: possible, N > 40: impossible
shellmodel D0 OO00OOOOOOO/pO0O000ODO0O (LMP: Langanke and
Martinez-Pinedo): 0000000000 Brueen 00O (N >4000000
O00000)0 FEN(Fuller, Fowler and Newman) 00 0 00O O
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Juodagalvis, Langanke et al., 2010, FFN/Shell model/Shell Model Monte Carlo+RPA 00O
Fermi-Dirac parameterization+RPA(Z = 28 — 70, N = 40 — 160), electron screening
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E E @ 102 bbb
3 g1t
a E 10°F
E = 3
E E 4
2 > FFN e nor
E 2 - shell model 3 o
E - SMMC+RPA 1§ ]
s ¢ FD+RPA 3 3
E e 3 10°F
5im\mmm\uu\uu\uuhm\uuhm\mmmuuuuuu\uu\uuhr 2[’
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Fig. 1. (Color online.) Nuclei included in the calculation of the NSE-averaged rates and spectra. The sd pool is marked Fig. 2. (Color online.) A comparison of the electron capture rates on 64.65Ni calculated from the diagonalization shell
by circles, the shell model pool is marked by pluses, the SMMC + RPA pool is marked by crosses, and the FD + RPA model (only allowed contributions) and the hybrid SMMC + RPA model (both allowed and forbidden contributions).
pool is marked by diamonds. Stellar conditions of the 25M trajectory (see Table 1) are used.
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Fig. 10. (Color online.) Pool-averaged electron capture rates calculated along the stellar trajectories for the 15M and ) ) ) ) ) ) ) )
25M ¢ progenitor stars. The rates based on the sum of all pools of nuclei are shown by solid lines. The dashed lines show Fig. 11. (Color online.) Pool-averaged emitted neutrino spectra for the 15M and 25M¢ trajectories. The line legend is
the average rate when the FD + RPA pool is omitted. The dotted lines show the average rate for the sum of all pools the same as in Fig. 10. Two stellar conditions are used in each case corresponding to snapshot numbers 10 and 15 of the
when the screening effects to the rates are neglected. respective trajectory. For snapshot number 10 in the lower panel the curves “no FD” and “full” coincide.

electron screening 000 0O0OOOOOOO p ~ 1011, 1012g/cm3
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Fig. 6. (Color online.) Fraction of nuclei covered by the various pools of nuclei as defined in the text. The fractions
have been calculated for the two stellar trajectories given in Table 1. The pools are sd (dotted line), LMP (dashed
line), SMMC + RPA (double-dash-dotted line), and FD + RPA (dash-double-dotted line). Solid lines show the summed

pool coverage. Thick solid lines show present pool coverage, and thin solid lines show coverage by the LMSH pool.
(O Yi)nuclei is calculated by summing over all nuclei except protons, neutrons and « particles.



NSE EOS (Furusawa et al., ApJ738, 2011): OO00o0o0obooobboobbdnbn
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Figure 1. Mass fractions in log,( of nuclei in the (N, Z) plane for pg = 10'" gem™, T = 1 MeV, and ¥, = 0.3. The cross indicates the representative nucleus for

the H. Shen EOS under the same condition.
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Figure 5. Average mass number, A, of heavy nuclei with Z > 6 for our EOS (solid red lines) and Hempel’s EOS (dotted green lines) together with the mass number
of representative nucleus for H. Shen’s EOS (dashed blue liens) as a function of density for 7 = 1 MeV and ¥, = 0.1, 0.3, 0.5. The insets are the close-ups of the

high density regimes.

11 E
logyo Py [g/cm’]

160

140

120

100

proton number Z

80

60

T T T T T
pp = 1035g/cm?
T = 1MeV

Y, =03

1 ! | ! !

150 200 250 300 350
neutron number N

400

Figure 2. Mass fractions in log,, of nuclei in the (N, Z) plane for pp = 10'3% gem™, T = 1 MeV, and ¥, = 0.3. The cross indicates the representative nucleus for

the H. Shen EOS under the same condition.
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Figure 6. Square of mass numbers (top), the standard deviation of mass number, o4 = VA% — A% (middle), and the dispersion normalized by the average mass
number squared, UE/A2 (bottom), of heavy nuclei with Z > 6 for T = 1 MeV and ¥, = 0.1 (left), 0.3 (middle), and 0.5 (right). In the top panels, the solid and

dotted lines show the average mass number squared, A2, and the square of average mass number, A2, in our EOS, respectively, whereas the dashed lines display the
mass number squared of the representative nucleus for the H. Shen EOS.
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e ion screening (Horowitz 1997, Bruenn and Mezzacappa 1997)
Coulomb effect — ions in correlated states

o(VA — vA) decreases when the wave length of neutrinos > ion seperation
v Poenter = 1011 g em3

-

10+0

Poenter = 1014 g cm™3

1 llllllll
N

Poenter = 1013 g cm3

101 Peenter = 1012 g cm3

lon screening correction as a
function of neutrino energy at the
core center at selected central
dengities for models $15s7b and

$25s7b during infall

(Sion>

102
$15s7b
———————— S25s7b

s L1111
0 20 40 60 80 100

e (MeV)

FIG. 2. The angle-averaged ion screening correction (S;o,(€)) at
the core center for selected central densities, as a function of neu-
trino energy, for models S15s7b and S25s7b.

000000000000 00D00 (Bruenn and Mezzacappa 1997)
AY7trap = —0.015 not so drastic

(narrow w, window is affected)
YLtrap \1 — Minner core \( (2 — 6%> = Eshock \1



e 100000 NN +— NNvw
Suzuki and Ishizuka: One Pion Exchange model
ve,00: p > 108g/em®, T ~ 10MeV OO DOO0O00v0000 e et —
vV, 10000
0000000000000 enhance L, 70 (wy, ) \y
0 0 multiple scattering suppression (Raffelt and Seckel 1991) 00 0O O O
Jo0o0odoooooooooooon
(Hannestad and Raffelt, Raffelt and Seckel 1998, Shen and Suzuki, Burrows
et al. 2000)

e !NOODDOOODODOOODOD: p>10Mg/em®,w, > 10MeVO ESOOD O
(W) N\

e YNNOOOUOOOODOOODOO: v NOOODOOODOOOO

e YN+ eN' 0000O weak magnetism («+~ 000000000000 ):
05.p(20MeV) : —15%



e cffective mass, nucleon density/spin fluctuations
= reduction of opacity — L,
(Sawyer 1995, Miinchen group 1995-1998, Burrows and Sawyer 1998-1999,
Reddy et al. 1998-1999, Yamada and Toki 1999-2000)

yNOOOOO000000 (0000ooo00): p> 10M4g/em’ 0 0 — 1 ~
L,(t > 100ms) /~

1
zU

_____ fiducial model
.—.—-—._ without accretion

,,,,,,,,,,,,,, correction from 5x10'3 g em-3

correction from 10 g cm~2

s 1)

log, L, (105! ergs

AR T N S YT TS SN S S S T ST ST SN T S ST SR S S|
-0.5
0 500 1000 1500 2000 2500
t (ms)

FIG. 11. Logyy of the electron neutrino luminosity (L,,e) in
10°! ergss ! versus time after bounce in ms, with and without
accretion. For the accretion models, total opacity suppression fac-
tors of 0.3, 0.1, and 0.05 were assumed above 5x 10 gcm™2 and
of 0.3 and 0.1 were assumed above 10** gcm™3. The fiducia
mode! is dashed, the model without accretion is dot-dashed, the
models with correction above 5X10* gecm™2 are dotted, and
those with correction above 10 g cm™2 are solid. On this plot, the
models with the largest corrections have the highest luminosities
after 2500 ms. The comparisons between the dashed curve and all
others are the most germane.

Burrows and Sawyer, Phys. Rev. C58 (1998) 554, Fig.11
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FIG. 2: (Color online) Mass fraction X; of light clusters as
function of the radius for the post-bounce supernova core
shown in Fig. 1.

Sumiyoshi and Répke PRC77 (2008) 055804
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FIG. 3: Thermal average of energy transfer cross sections. The solid and dotted curves in (a)

((b)) show the cross sections for ved — e~ pp(vCC) and vd — vpn(vNC) (P.d — e"nn(vCC) and FIG. 4: Averaged energy transfer cross sections in unit of 10742 MeV cm?. The solid, dashed and
vd — ppn(PNC)), respectively. The dot-dashed curve in (a) and (b) shows cross section for the dash-dotted curves show the vd, v-*He and v-*H (left panel) and v-*He (right panel) cross sections,
elastic vd scattering. respectively. (See the main text for the references on A=3, 4 nuclei cross sections.)

Nakamura etal., 2009, d 00 00v 0000000
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dimensional models (solid lines). The n
luminosities in 10°2 ergs s '

imension:
umbers denote the initial v, and 7,

O00000000000000000 1D/2.10: no exp. < 1D/2.20: exp. (Janka and Miller, ApJ 448
(1995) L109, Fig.1)
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