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Motivation

Fe @ Massive stars (M > 10M)) at the end of their life evolve to
' si an onion like structure;
%. ‘ @ Iron core can be stabilized by the pressure of degenerate
. o electron gas as along as More < Mcy =~ 1.44(2 Ye)ZMQ;

@ There are two processes that make the situation unstable:

@ as the silicon burning proceeds, the iron core
: approaches Mc;, and contracts (e ~ p'/°);
@ when e ~ 2 MeV electron capture reduces the
electron gas pressure.

e +AZN)—»AZ—-1,N+1)+v.

»',/ i \\‘ /e p
Ve : v 1, ~ pl/3
Ve ~1 sec. P2 A ——— —_—
electron (Z-1,A)
distribution '
(Z.A)

@ Finally the core collapses (~ 1 sec.) under its own gravity.
@ When p ~ 10'*g/cm® a shock-wave is produced that

triggers supernova explosion.
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Prompt mechanism is unable to trigger supernova explosion!

Two reasons for energy loss in a shock-wave:

@ Dissociation nuclei into nucleons (~ 8.8 MeV per nucleon)

@ Neutrino emission:

Shock Propagation and v, Burst
;o (t~012s)

e +p—>n+vre

position of
shock

from H.-Th. Janka et al, formation
Phys. Rep. 442 (2007) 38

M(r) M

nuclear matter nuclei
Si-burning shell
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Possible mechanisms for the shock-wave revival:

@ Neutrino-heating mechanism
@ Magnetorotational mechanism (G. Bisnovatiy-Kogan, 1970)
© Acoustic mechanism (A. Burrows, 2006)

@ Phase-transition mechanism (l. Sagert, 2009, T. Fischer, 2011)
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Nuclear weak interaction processes in supernova

AM = MTOH core — ,V’inner core

@ Micon core = Mcn ~ Yez, therefore

inner core e —|—(A7Z) — (A,Z— 1)+Ve
(AZ) > (AZ+1)+e +7e

determine the iron core mass.

iron core

@ v-nucleus reactions become important at p > 10" gem—3:

v+ (A Z)—= (A Z)+v
v+(AZ2) = (AZ2)+V
ve+ (A Z)— (A Z—-1)+e

trap neutrinos in the inner core and determine its mass:

Minser core ~ YE, where Y. =Ye+ Y,
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GT transitions

In supernova E. ., <30 MeV and Gamow-Teller (1) transitions dominate the nuclear
weak-interaction processes:

@ e +AN,Z) > AZ—-1,N+1)+ve (GTL=),0itf);

® ve+ A(Z,N) - A(Z+1,N—-1)+e~ (GT- =)0t );

@ v+ A(Z,N) — A(Z,N) + v/ (GTo = 3, ait)).

How to determine strength distribution for GT transitions & gaf VId2HeTI _
(from the nuclear ground state)? 02 o
0.1 K .
@ Experiment: (p, n), (n, p), (d,2He) reactions, M1 A i
resonance, etc l'| T
0.1
@ Theoretical calculations: QRPA, shell-model ool
calculations. -
:,3 03fF Iarlgelsrt\ell model
Modern large-scale shell-model calculations in a huge R et
configuration space (~ 10° = 10'2) very well reproduce Ex [MeV]
experimental data for iron group nuclei (A=45—65). Baumer et al, PRC

68, 031303 (2003)
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Nuclear statistical equilibrium

For T > 0.1 MeV all electromagnetic and strong reactions

AZ)+p=2(A+1,Z241) 4+~
AZ)y+n=(A+1,2)+~

as well as («,7), (a,n), (o, p), (p,n) are in equilibrium.

Saha equation:

Y(A Z) = G(A, 22)A 22 YZYN( 2nh? )S/Z(A_UeB(A,Z)/kT’

where >, YiAi=1and )", YViZ = Ye.

mykT
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Finite temperature

In the supernova environment nuclear excited states are thermally populated
according to Boltzmann distribution: gi(T) ~ (Ji + 1) exp(—Ei/T).

Charge-exchange GT transitions Charge-neutral GT transitions

o(E, T)=)_ gi(T)oi(E), ME, T)=)_ gi(T)\(E),

The temperature varies from a few hundreds keV to a few MeV (0.86 MeV ~ 10'° K).

For T = 1 MeV the mean excitation energy is (E) rermi gas = AT2/8 ~ 7+ 8 MeV for
iron-group nuclei (A = 45 — 65).
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Large-Scale Shell Model calculations at T # 0 (K. Langanke, et al.)

Cross sectionforv + A — v/ + A:

U(El/v T) - Ud(El/) + UUP(EI/v T):

o4 Z EZ (g.s.lob|f)?, (E, =E, — E);
E;
oup(Es, T) Z Nilowlh) P exp(-=), (B> Er)
2Jf +1 12,
[{iloto| )[* = 211l
Shortcomings: 2
10 ° if} } {
@ Brink’s hypothesis is applied; N ! it
g !
@ Detailed balance principle is K by '
violated ’ }

S(T,—E);éS(T,E)exp(—g). PR

PRC36(1987)612
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B(GT,), MeVv !

E, MeV

PRC56(1997)3079
Hirschegg, 13 January 2015
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Nuclear composition of the core

LSSM calculations are limited (at present!) by iron group nuclei (A = 45 — 65)

100

90 m A
(N 7\\ 80

= =

%’GFe T ]

SaEn N 201010 1'0“ 10*
H p, glcm®

Element trajectory (left figure) and evolution of the mean nucleus
as a function of the matter density in the core (right figure).
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Thermal strength function for the transition operator 7

Definition:

w—O(E — Er + E)), W:Ze .

Sr(E,T) =) KfTIi)?

if

Detailed balance: St(—E, T) = Sr(E, T) exp(—?).

2

Applying 6(E) = 1 [ ™ gt we find
SHE.T) = 5 [ de™(T(HTO)

e_Ei/T . .
where ((..)) = 3, = (il ... |i) and T(f) = eMTe ™M,

Two-point functions can be computed either by applying the thermal Green’s function
technique or by the Thermo Field Dynamics.
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Thermo Field Dynamics (basics of the formalism)

@ Thermal Hamiltonian: H = H(a', a) — H(a', a);
@ Equilibrium state (thermal vacuum):
H|0(T)) =0 and ((A)) = (0(T)|A|0(T))

@ Nonequilibrium states:
HxY wa(T)A G — Q}Qn)
n

Response function within TFD :
Sr(E.T)~ 3 {KQITIO) Folen — )

+ [(QulTI0(T))P5(wn + E) };
Therefore
@ |0(T)) — |Qn) — excitation process, |0(T)) — |Q,) — de-excitation process;

@ Transition strengths S, = |(Q,|710(T))|? and S, = |(Qu|7]0(T))|? obey

the detailed balance principle S, = exp(—‘%) Sh.
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Thermal quasiparticle RPA

@ The QPM Hamiltonian: H = Hws + Hgcs + H,’,",’, + Hﬁ,’,"’

o Thermal quasiparticles: Hwsyscs ~ 32 €i(T)(B}Bim — BlnBim)

O(T)afpaml0(T)) = [t +exp (2)]

6”0( T)> ~ (,YT‘O(T», BT‘O(T» ~ (,¥|O( T)> 03F  T.=(05-0.6)AT=0)

0,0
00 02 04 06 08 10
T (MeV)

@ Thermal phonons: H ~ > W)\k(T)(Q;#kQAMk — 6I\Hk6)\pk)
Auk

Q= > (9218] 812 + SFIBLALLY + (5] ALY

i

T BB + G BB + §F 185
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GT.. strength distribution in 56Fe (T +# 0)

GT, strength

5 0 kb 10
E, Mev

Ap~=14MeV = T,~05A(= 0.7 MeV).

The brown arrows indicate the zero-temperature EC threshold:
Q = M(%Mn) — M(%6Fe) = 4.2 MeV.
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Electron capture rates for 56Fe

In2 e
e — ___— TOFk, Fx= E?(E — Ex)?F(Z,E)f,(E)dE
A 61SOSZK:SK(G +) k> k JE, ( K) ( ) )e( )

—1
where £,(E) :[1 + exp( - E%f)} and e ~ 11.1(p10 Ye)'/3 MeV.

0 T T T 0 T T T 0.5 T T T 24 T T

_an3 _an2 _anl _ a0

mee =10 APl 10 { 00} mee =10 mee =10

21 Yy =1.1MeV /‘ [ Ho=2.4Mev / M =5.2 MeV g = 11.1 MeV :
/ -0.5 20l

1-1.0
1-1.5

25-/
3.0 — 1.8 —
4 6 8 10 2 4 6 8 10

To = 10° Kelvin, p1o is the density in units of 10'® gecm—2

TQRPA - A. Dzhioev et al, Phys. Rev. C 81 (2010) 015804; LSSM - K. Langanke and G. Martinez-Pinedo, ADNDT 79 (2001)
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Electron capture on neutron-rich nuclei

Neutron-rich nuclei (N > 40, Z < 40)

_______ e e - 8- ---@o------- 8p
-E Sr2 Unblocke
N=40 Correlations!
Blocked! GT . Finite T
; Jsn S s
| ! T
Bp H.% An oo T\G
l oo 2 —Am—:—okv%/z
- 1 \ f‘ 1
fin esee [l i

neutrons |  protomns neutrons | protons
=) V77

@ Unblocking mechanisms: configuration mixing and thermal excitations
@ Hybrid model: SMMC + RPA (K. Langanke et al, PRC63 (2001) 032801)
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GT.. strength distribution in 7°Ge (T # 0)
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Q P n ®«
2010 E-e te 0.10
~ P n
0}
» 0.05 0.05
0.00 0.00 T T T
0 10 20 30 40
E (MeV)
0.20 0.20 T T T T
1f7/2 *’lfs/z
0.15 0.15 E
>
2010 0.10 195, 10,
= ¥ E=eg -¢
w P
o 0.05 0.05
0.00 7 4 ¥ T T 0.00 T ! T T T
0 10 20 30 40 0 10 20 30 40
E (MeV) E (MeV)

A. Dzhioev et al, Phys. Rev. C 81 (2010) 015804
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Electron capture cross sections for °Ge

10? g

1025"|""|""
i Hybrid (SMMC +

RPA)

10™ E

107 b o 107 b
15 20 25 30 15 20 25 30

E, MeV E, MeV

@ Hybrid - K. Langanke et al, Phys. Rev. C 63 (2001) 032801(R)
@ TQRPA - A. Dzhioev et al, Phys. Rev. C 81 (2010) 015804
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GT, strength distribution in 56Fe

v + 5%Fe — 56Fe 4 1/

T = 0.86 MeV (10'° K) corresponds to the condition of a presupernova model for a
15Mg star; T = 1.29 MeV (1.5 x 10'° K) - relates to neutrino trapping, T = 1.72 MeV
(2 x 10" K) - to neutrino thermalization.

W W7 W1 01—
[ T=0(gs) [ T=0.86Mev ] [ T=129MeV ] [ T=172MeV ]
10° 1 10% 1 10% 1 10° E
< 10°F J w0t J 0k otk .
=2 b b
Qo L -
@ 107 4 10% 4 10% 4 107 E
= + 1 F s ]
o E (1) 1 L 1 L 1 L 1
10°F p\l& 1 10% ‘ 1 10° ‘ H10% E
104 T T T A T 107A T T T AI T T 1074 T T ‘I T T 104 T l T
10 ohd 10 10 ohd 10 10 ohd 10 10 ohd 10
E, MeV E, Mev E, Mev E, MeV

Detailed balance: Sgr(—E, T) = Sgr(E, T) exp(—%).
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Cross section for inelastic neutrino scattering off %6Fe

o(E,, T) =

G

™

&

k

— wk)?Sk + Z(Ey + wk)2§k}
K

=04(E,, T)+ ouw(E,, T),

@ Sy = |(Qkloth|0(T))|? and E/ = E, — wi for down-scattering;

o S = |(Qulotr|0(T))2 and E!

o (10 cm?)

10 :
56

10°F Fe J
10MF 1
107 —— T=1.72MeV

. — T=129
10°p" g.s. —— T=086
10* J ; : ]

0 5 10 15 20
Ev , MeVv

(BLTP JINR, Dubna)

10
10°F i

. T=1.72 MeV
10"k ’, ]
10k ---7_-° i
10°L g ‘ NPA147 (2005) 87 ]

L~ - T=0.86 MeV - ~ LSSM

10" ; , .

0 5 10 15

EV, MeV

E, + wk for up-scattering.
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GT_ strength distribution and neutrino capture on %Fe

_/ Ve +5Fe —%Co + e~

! *co Gz
— F k\2 k
gs o(Ey, T) = — > (EE?Sk(GT-)[1 —f(E)]
*Fe k
10° E — pe\1—?
T=0(gs) T=0.86 MeV fe(E) :[1 +eXp(— #)}
10'{ s6
Fe
10° 10 no Pauli blocking Pauli blocking
1 E
. 10 101
2 107 l 3
g 1074
G 10 e ]
= T=1.29 MeV T=1.72 MeV S 10¢d
O 10 g
. 5 10°4 3
10 ] —T1=0(@s) M, =83 MeV ]
©] —— T=086Mev] _ ]
10" 10 — T=129MeV H, = 18.1 Mev
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E, MeV E, MeV b b
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GT_

GT._ strength

strength distribution and neutrino capture on 82Ge

Ve +%82Ge »>%2As + e~

— T o(E,, T) Gr Z (EX)2Sk(GT)[1—-f(EN)]
SZAS
o f.(E) =1 E—ney)”
T=0(gs) T=0.86 MeV e( ) _[ +exp(f #)]
10'{ &
10° ncI) Paulli bIocE(ing P:Iauli bllocking
H‘ | |
10° l | ]
10° ]

T=1.29 MeV T =172 MeV

H=83MeV 4

10° 101 — T=0(gs) | j

—— T=0.86 MeV
s ] ——T=129Mev] ] ——u=181MeV |
10 . —— T=172MeV —— 1 =36.2 MeV
10 : . : : : :
107 0 5 10 15 200 5 10 15 20
15-10-5 0 5 10 15 20-15-10-5 0 5 10 15 20 E, . MeV E,, MeV

E, MeV E, MeV
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@ Currently, there exist two main theoretical approaches in calculations of
the rates and cross-sections for weak-interaction reactions with hot nuclei
in stellar environments: the Large Scale Shell Model approach and the
Thermal Quasiparticle Random Phase Approximation.

@ Both the approaches predict a strong thermal enhancement of the
cross-section and rates at low lepton energies. This enhancement is due
to thermal population of nuclear excited states.

@ The LSSM approach is fairly successful in calculations with the
iron-group nuclei (A = 45 — 65), but it partially employs the Brink
hypothesis when treating GT transitions from nuclear excited states.

@ The TQRPA method does not rely on the Brink hypothesis and it can be
applied to massive neutron-rich nuclei. Moreover, the corresponding
calculations are much less time consuming.
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Credits to: A. Vdovin, J. Wambach, K. Langanke, G. Martinez-Pinedo and
V. Ponomatrev.
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