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Beyond mean-field description: of
nuclear weak interaction processes
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Nuclear weak-interaction processes: interdisciplinary study
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Nuclear weak-interaction process and charge-exchange transitions
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Random Phase Approximation (RPA) Model

* proton-neutron RPA:

widely used model for the description of charge-exchange transitions

v" The RPA excited state is generated by
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mi mi
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Full 1p1h configuration space = almost whole nuclear chart

v" RPA: magic nuclei
v' Quasiparticle RPA (QRPA): open-shell nuclei
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B-decay Half-life Is a Hard Problem

* RHB+QRPA * Skyrme HFB+QRPA
Self-consistent QRPA model based Self-consistent QRPA model based on
on relativistic density functional non-relativistic density functional
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 Half-lives are overestimated
* Due to the nuclear structure part — Gamow-Teller transition



Limitations of (Q)RPA Description

* (Q)RPA cannot describe the

spreading width
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Solution: RPA + PVC

* Particle Vibration Coupling (PVC) -« Correlations beyond RPA

effect HE  oes
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Y. F. Niu, G. Colo, and E. Vigezzi, PRC 90, 054328 (2014)




B-Decay Half-Lives in Magic Nuclei

* Improved description of B-decay half-lives

10*

*
o t . SkM
— 107
2,
« 10’
-
10°
) -0 - exp
10"k ..o RPA
—o— RPA+PVC
-2 L | 1 1
132 BNj 34gi *Ni
v Reduce half-lives systematically v’ Reproduce B-decay half-lives

Y.F. Niu, Z. M. Niu, G. Colo, and E. Vigezzi, PRL 114, 142501 (2015)
Exp: G. Audi, F. G. Kondev, M. Wang, W. J. Huang, and S. Naimi, CPC 41, 030001 (2017)
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B-Decay Half-Lives as indicator of shape-phase transition
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» A sudden shortening of B-decay half-lives is found at the nuclear shape changes

K. Yoshida, Y. F. Niu and F. Minato, Phys. Rev. C 108, 034305 (2023)
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Electron capture in core-collapse supernova

Collapse of a massive star and a supernova explosion
Electron capture (EC)

on nucleus
Shell-Structured Gravitational Supernova A — A %
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o — |
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Langanke, Acta Physica Polonica B, 39, 2008
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Important electron-capturing nuclei

Top 500 electron-capturing nuclei with the largest absolute change to the
electron fraction (Y,) up to neutrino trapping
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Neutron Number  sullivan et al., ApJ 816, 44 2016
* The integrated contribution to core deleptonization up to neutrino trapping

Y. (t = ttrapping) ~ Y@ = 0) — ZAYei

i
* Primary contributors: neutron rich nuclei near N=50 and N=82 closed neutron shells
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Theoretical study of electron-capture rates
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 Approx.- Approximate Rates estimated by A= (ln;)B< Tcz >S[F4(n) — 2xF5(n) + ¥*F>(n)]

e

* Fitted by shell model calculation for nuclei not far from stability line

= For neutron rich nuclei, the formulas is not a good approximation
Langanke et al., PRL 90, 241102 (2003) 15



Random Phase Approximation (RPA)

» RPA: widely used for the description of spin-isospin excitations

* The RPA excited state is generated by

Qt—ZX” al laj — ZYm,a am <

IRl

mi
* Full 1p1h configuration space =

almost whole nuclear chart

N
N

RPA

To study the electron capture in core-collapse supernova, inclusion of
temperature effect is necessary! (T~ 0-2 MeV)

» Finite Temperature RPA (FTRPA): takes into account temperature self-
consistently both in Hartree and RPA level

 Temperature is introduced by thermal occupation of each nucleon
1

Jo(n) = S — nZ <
1 —|—€Xp( p( )kT p(n) particle 7 /4 7
D
* Configuration space: p-h, p-p, and h-h pairs . 2 N
N. Paar et al., PRC 80, 055801 (2009) &2 A

Y. F. Niu et al., PLB 681, 315 (2009)



Electron capture cross sections
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For these neutron rich nuclei, spin dipole transitions dominate the cross section

Even at high temperatures, GT transitions are not considerably unblocked
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Electron capture rates
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Electron capture rates at different stellar environment
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With the increase of
electron density, the EC
rates are increased by

several orders of magnitude.

At lower electron densities,
the EC rates have big
increase with temperature,
but at high densities, the
rate is not sensitive to
temperature.

Approx.
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Rates from approximation
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Neutrinoless double beta decay
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Uncertainties of MYV studied by Skyrme QRPA model
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Summary and Perspectives

Summary

 Based on QRPA model and beyond, we have studied
v" nuclear beta decay half-lives
v electron capture rates in stellar environment

v" NME of neutrinoless double beta decay

Perspective

* Based on QRPA model and beyond, we could also study
v" neutrino-nucleus scattering cross section

* The improvement by QPVC model
v’ electron capture rates

v' NME of OVpp
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Gamow-Teller Transitions (T direction)

 Gamow-Teller Resonance (T direction)

(p,n) reaction

o(0°) = 6 F(q,w)B(GT)

Strong interaction

Gamow-Teller transition

Wakasa, et al., PRC 85, 064606 (2012)

B-decay dominated by low-energy GT transition
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Gamow-Teller Transitions (T direction)

 Gamow-Teller Resonance (T* direction)

(n,p) reaction
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B Decay and Gamow-Teller transitions

B decay

dominant nuclear transition Gamow-Teller transition

A X ] .' T AS=1 AL=0 AT=1
N electron antineutring

% ) collective

Nuclear

« B-decay half life

r N e N
Weak decay x | Transition x Phase space
constant matrix element (« decay energy E>)
Nuclear Physics

Physics -

The key is to describe nuclear collective vibrations correctly

Accurate nuclear model is needed! ~



Schematic picture for collective excitations
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UCI
clei
)97: Caurier: RMP 2005

Phase Approximation (RPA) based on density funct

elativistic density functional
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Something in between? --- RPA+PVC model

HF  ees
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Gamow-Teller strength distribution (T*)

* GT operator
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v' GT* transitions are almost blocked
v’ Pairing correlations or transitions across major shells make little

transition strength possible
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Temperature effects

GT transitions at finite temperature
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v’ Even temperature cannot unblock the GT* transition due to large neutron excess
> In stellar environment, GT* still cannot contribute much to EC rates



Temperature effects

Spin Dipole Transitions at finite temperature
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v’ Spin-Dipole transitions have
significant strength, and hence
will dominate EC cross section
of 8%Zn

v' Temperature decreases energies,
but changes are small.

L. Guo, W. L. Lv, Y. F. Niu, D. L. Fang, B.S. Gao, K. A.
Li, and X. D. Tang, PRC 107, 014318 (2023)
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