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Introduction

» dynamics of core-collapse SNe

P electron-to-baryon ratio

(Ye)
» core entropy

> e~ capture (EC) =
decreases Y, and core entropy

> MFe core > Mch ~ Ye2 —
electron degeneracy pressure
cannot hold gravity —>
collapse

» competition between [(-decay
and EC when collapse reaches

A= 60 [H. T. Janka, Physics Reports, 442,

38-74 (2007), K. Langanke et. al., Rep. Prog.
Phys. 84 066301 (2021)]

Models for rate calculation:

> F2N: independent particle model:
Fermi + Gamow-Teller (GT)

> Large-scale shell-model (LSSM):
45 < A< 65

Shell-model Monte-Carlo (SMMC)
Hybrid approach: SMMC + RPA
Skyrme Hartree-Fock + RPA
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[https://unedf.mps.ohio-state.edu/]



Relativistic mean-field theory

mean-field part

» Types of relativistic EDFs:
P nonlinear (NL3)
[Y.K Gambhir et al., Annals of
Physics, 198, 132-179, (1990)]
P> meson-exchange

(DD—ME) [G. A. Lalazissis et

al., PRC, 71, 024312 (2005)]

» derivative-coupling
(D3C*) [s. Typel, PRC, 71,
064301 (2005)]

> point-coupling (DD-PC)
functionals [T. Niksic et al.
PRC, 78, 034318 (2008)]

ME functionals:

» nucleons exchange o, w and p
meson + EM field

> £:£N+£m+£int
> ERMF = fd3rH(r)
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pairing correlations

pairing treated within

—BE,)—1
FT-(H)BCS theory (1- e 75)
ne = v2(1 — fi) + uf,
Gap equation:
1 A (1 —2f0)
Dp=>5 G k=)
K72 > G E

k' >0

[A. L. Goodman, Nucl. Phys. A 352, 30
(1981)]



Finite-temperature proton-neutron relativistic (Q)RPA

P excitation operator [H. Sommermann, Ann. of Phys. 151, 163 (1983)]

rj; = Z XV apan — Y anap +Ppnapan anaiap
pn

only for T>0!
ap, ap proton, neutron annihilation operator in q.p. basis

> equation of motion or linearization of denisty — matrix
FT-PNRQRPA equation

C 5 b D P P
s A B b |[x]_. (%
—bt —B* —A* 5T 1’2 B %
—-D* —b* -5 —C*) \Q Q
terms in red contribute for T > 0 ! Correlated

> strength function for external operator F QRPA state
B(#*,F) = \<vuﬁ|16$?/

defined for AT, = +£1 (isospin projection, ST direction). .



Weak-force reactions
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e capture: (A, Z) = (A, Z-1)
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B~ decay: (A, Z) =+ (A, Z—1)

c) v(7)

v u)

v(7) scattering: (A, Z) = (A, 2Z)

P
et capture: (A Z) = (A, Z+1)
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Bt decay: (A, Z) = (A, Z+1)
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Electron capture rate

> expressions for weak-reaction rates can be derived using
WaleC ka formalism [J. D. Walecka, Theoretical Nuclear and Subnuclear Physics, 2004]

~ G o ~
HW \[ d3r./lpt( )j/l(r)a

current-current Hamiltonian

Ji¥P* - lepton current, J,,(r) hadronic current
> weak-rate cross section can be calculated from the Fermi
golden rule
doec 1 5,51
— Q°E-= fIA
dQ — (2m)2 " V2 2. 2,+1 D I(FlAwli)]

lept.spin. M; Mg

J/

matrix element of weak Hamiltonian

E, - neutrino energy , |i) - initial nuclear state, |f) - final state

> final expression written in terms of charge M, Iongltudmal
L, transverse electric T and transverse magnetic TJmag
operators for multipole J"r



Folded with Lorentzian

[A. Ravli¢ et al., Phys. Rev. C, 102, 065804, (2020)]

of 1 MeV

» Energy conservation:
Ey = Ee - EQRPA - Anp - (>\n - )\p)

\_ '

T
T=10.0Mev

0.0
» EC rate calculated by
2.5 -1
oo
Aec = —— PeEeo'ec(Ee) f-(EeHUre, T) dE. 0.0
m2h2 —_——
EO e _He
e (eE kTu +1)_1 25 .
o
EQ - threshold energy, jic - electron G 0.0
chemical potential, T - temperature, o 5 B
pe = +/EZ —m2 ’
» . determined by inverting the relation 0.0
o 2.5F | -
1 mec\3 ]
PYe:T( < ) /[fe_e+]P2dP i
Ko NA h ; |
0 0.0 T = o
. i [— Mav
Vy*: isoscalar T=15 MEVA o VE=100 M:V_
»> Gamow-Teller (GT) strength: e — 7 i 7 e V=0 Mev
1 _ F'{—F‘NRRF‘A
flloT]]i)? 003 0 s 10 15
B(eT+) = g2 Ko+l
(6T =er——5 E [MeV]



DD-ME2 [A. Ravli¢ et al., Phys. Rev. C, 102, 065804, (2020)]
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Figure: Electron capture rates Aec on
50Fe as calculated with FT-PNRQRPA for

Fi%’%re: Electron Ciptujie C:LOSS'SE_Ction Oec various values of isoscalar pairing strength
on 50Fe for J™ = 0%, 1%, 2% multipoles at V{s at pYe = 108 g/cm? (upper panel) and
T = 0.3 MeV. Calculated using pYe =100 g/cmd.

FT-PNRQRPA (black full line +
multipoles) and FT-PNRRPA (no pairing,
red dashed line)



B—decay rates [A. Ravli¢ et al., arXiv: 2010.06394]
Qp window

> general form of reaction rate [T. Marketin
et al., Phys. Rev. C, 93, 025805, (2016)]

Po
In2
Mg = Y/pg(W()fWFF(Z, W)C(W)dpe
0

Wy - maximum electron energy
C(W) - shape factor, F(Z, W) - Fermi
function, K ~ 6147 s
Tl/2 = |n(2)/)\/3

> Wo~ Ap— Ap + Anp — Eqrea
(An — Ap: neutron-proton chem. pot.
diff.)

» shape-factor for allowed GT transitions

S(GT ™) [1/MeV]

2 |(FlloT i)

B(GT™) =
( ) =8a 20+ 1
axial coupling \ L
ga=—126— 1.0 T 20

" quenching” E [MeV]



Large-scale calculation of 5—decay rates

82

proton number (2)
°
proton number (Z)

TialTs(K) = 10) ~ Tha(T(K) = 0.01)
T Tale®=000

[—50
TuaTolK) = 5) ~ TaalTok) = 0.0 _
(To(K) =5) (; 1,)} )[%] 100 %]

TiaTol o
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126
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9
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Figure: Percentage change of B—decay half-lives at To(K) = 5 and To(K) = 10
w.r.t zero-temperature at pYe = 107 g/cm3 (a)-(b) and pYe = 107 g/cm® (c)-(d) for
even-even nuclei in the range 8 < Z < 82 [paper in preparation].



Conclusion

» developed self-consistent FT-HBCS + FT-PNRQRPA
framework for description of weak-force reactions —
temperature + pairing effects

> use of relativistic EDFs (DD-ME2, D3C* .. ) — excellent
predictions for ground-state observables throughout nuclide
chart

» finite-temperature effects = thermal unblocking +
dependence on stellar density (pYe.) + electron screening

> Model instrumental to provide large-scale data:

v eT capture rates (CCSN)
v % decay rates (CCSN, r-process(?), rp-process(?) )
» v scattering and reactions (in development)

» in development: implementation of deformation
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