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Introduction

Nuclear spin-isospin resonances

@ Nuclear charge-exchange excitations

* [3-decay

* charge-exchange reactions (p, n)

(n, p)

o : Z+1, N-1 Z, N Z-1, N+1
@ These excitations play important roles

* spin and isospin properties of the in-medium nuclear interaction
neutron skin thickness Krasznahorkay:1999, Vretenar:2003, Yako:2006

3-decay rates of nuclei in r-process path Engel:1999, Borzov:2006

*

*

* [33-decay rates Ejiri:2000, Avignone:2008

* inclusive neutrino-nucleus cross sections Kolbe:2003, Vogel:2006
*

isospin corrections for superallowed 3 deacys Sagawa:1996, HL:2009, Towner & Hardy:2010

@ Nuclear spin-isospin resonances become one of the key topics in nuclear physics and

astrophysics.




Introduction

Microscopic theories for spin-isospin resonances

@ Shell models (A ~ 60)

Radha:1997, Caurier:1999,2005

@ Random Phase Approximation (RPA) based on density functional theories

* traditional (non-relativistic) density functional

Halbleib:1967, Auerbach:1981, Colo:1994, Engel:1999, Bender:2002, Fracasso:2005, Péru:2008, Bai:2010
* covariant (relativistic) density functional: RH4+RPA, RHF+RPA
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Introduction

Covariant density functional theory — RH theory

@ Covariant density functional theory in Hartree level (RH/RMF theory) has received

wide attention due to its successful description of lots of nuclear phenomena.

Serot:1986, Ring:1996, Vretenar:2005, Meng:2006, Paar:2007, Niksi¢:2011
* spin-orbit splittings
nuclear saturation properties (the Coester line) Brockmann:1990,1992

binding energy per nucleon E /A Reinhard:1989, Ring:1996

halo and giant halo in exotic nuclei Meng:1996,1998,2002

*

*

* isotopic shifts in the Pb region Sharma:1993

*

* pseudospin symmetry in nucleon spectrum Ginocchio:1997,2005, HL:2011
*

spin symmetry in anti-nucleon spectrum Zzhou:2003
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RH+RPA for spin-isospin resonances

@ RH+RPA for spin-isospin resonances
De Conti:1998, 2000, Vretenar: 2003, Ma:2004, Paar:2004, Niksi¢:2005

example: Gamow-Teller resonance (GTR) in 2%Pb (AS =1, AL=10, J" = 17)

a.

60

R (1/MeV)
8 & 8

N
o

add m-meson

exp.

C+O+PHT |

ﬂ

285h GTR .

g'=0.55 .

full self-consistency is missing




Introduction

RHF-+RPA for spin-isospin resonances

@ Covariant density functional theory in Hartree-Fock level (RHF theory)
m-meson and nucleon-nucleon tensor interactions are included naturally

* early attempts Bouyssy:1985, 1987, Bernardos:1993, Marcos:2004

* density-dependent RHF (Bogoliubov) theory Long:2006,2007,2010

* proton-neutron effective mass splitting Long:2006

* nuclear shell structures and their evolutions Long:2007,2008,2009, Tarpanov:2008,

Moreno-Torres:2010
* spin and pseudospin symmetries in nucleon spectra Long:2006, HL:2010

@ A fully self-consistent QRPA approach has been established based on RHFB theory.

@ Applications

* nuclear spin-isospin resonances and their fine structures

[J-decay rates of nuclei in r-process path

inclusive charged-current neutrino-nucleus cross sections

isospin symmetry-breaking corrections for the superallowed [ decays
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Theoretical Framework
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Relativistic Hartree-Fock theory

Covariant density functional theory — RHF theory

o Effective Lagrangian density Bouyssy:1987, Long:2006
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@ Energy functional of the system

E:<¢O\H\¢O>:Ek+E£+Ef+Ef+E£+Ef+E§+E§+Ef+E§ (2)
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Random Phase Approximation

Random Phase Approximation

@ RPA equations
A B X X
-B —-A Y Y

where the matrix elements of particle-hole residual interactions read

. (Ea — E5)64B0ab
(Eoz — Ea)(sozﬁ5ab

(fafy | V| faf, — fufg) (fafy |V| f3f5 — £,f3)

: (4a)
(fufy |V| fafy — fifg) (fufy |V| f3f, — fifp)

(fafg |V| fpfy — fofp) (fafs | V| fofy — fofp)
(fufg | V| fofy — fify) (fufs |V fofa — fifp)

B =

(A
@ Particle-hole residual interactions in self-consistent RPA

* derived from the second derivative of the energy functional

* with rearrangement terms, if the meson-nucleon couplings are density-dependent
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RHF+RPA

RHF+RPA in charge-exchange channel

@ Particle-hole residual interactions

*x O-meson: V,(1,2) = —[g0l1lg,0]20(1, 2) (5a)
* W-meson: Vio(1,2) = (8707 |1lg07,]2D.(1, 2) (5b)
* P-Meson: Vp(]., 2) - [gP/yOfVMF]l ’ [gp/YO%J/F]ZDP(lv 2) (SC)

* pseudovector -/ coupling:

£
Mgz

T = fﬂ' —
Vi(1,2) = =[-770757 Ol - [m—T%%W/@/]sz(la 2) (5d)
* zero-range counter-term of 7m-meson:

fr fr
Vis(1,2) = g/[m—T’Vo%’)’h : [m_770'757]25(r1 —r), g=1/3 (5e)

™

@ m-meson is included naturally.

@ g’ = 1/3 in the zero-range counter-term of m-meson is maintained for the sake of
self-consistency.
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GT and SD Resonances

RHF4+RPA for Gamow- Teller resonances

% Gamow-Teller resonances in “8Ca, °Zr, and 2°6Pb
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GT and SD Resonances

GTR excitation energies and strength

% GTR excitation energies in MeV and strength in percentage of the 3(N — Z) sum rule within the
RHF+RPA framework. Experimental and the RH+RPA results are given for comparison.
HL, Giai, Meng, PRL 101, 122502 (2008)

48Ca 9OZr 208Pb
energy strength energy strength energy strength
experiment ~ 10.5 156 £0.3 19.24+0.2 60-70

RHF+RPA  PKO1 10.72 69.4 15.80 68.1 18.15 65.6
PKO2 10.83 66.7 15.99 66.3 18.20 60.5
PKO3 1042  70.7 15.71 68.9 18.14 67.7

RH4+RPA DD-ME1 10.28 725 15.81 71.0 19.19 70.6

@ The pion is not included in PKO2. \




GT and SD Resonances

Physical mechanisms of GTR

"1 ampp QTR

60 =

50 |-
g'=0.55 .
40 - 1! -
ct+otptm | i

20 @=1/3) 1!

R (1/MeV)

0 5 10 15 20 25 30

60 |- exp. l

[ [ HF 25ph GTR

R (1/MeV)

e RH+RPA
* no contribution from isoscalar
mesons (o, w), because exchange
terms are missing.
* mm-meson is dominant in this

resonance.
* g’ has to be refitted to reproduce

the experimental data.

e RHF+RPA
* isoscalar mesons (o, w) play an
essential role via the exchange
terms.

* m-meson plays a minor role.
*x g’ =1/3 is kept for
self-consistency.

HL, Giai, Meng, PRL 101, 122502 (2008)
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Spin-dipole resonances

50 - 07y _ 7 50 |- %07 .

40 L Spin-Dipole e _ 40 | Spin-Dipole _

\,,,' \i \ _\;
e L"h 4 |\
0 10 20 30 40

E (MeV)

\

@ Main peak can be reproduced by RHF+RPA exp. Yako:2006
@ Energy hierarchy

* RHF+RPA: E(Q_) < E(l_) < E(O_) agree with SHF+RPA Fracasso:2007
» RH+RPA: E(27) < E(07) < E(17)
@ Separating experimentally the different components from the total transition strength
would be helpful to evaluate the theoretical predictive power, e.g.,

* SDR In 160 Wakasa:2011 and 208Pb Wakasa:2012
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Fine structure of SD excitations in O

Fine structure of GT and SD excitationsin O

o A recent °O(p, 1)!°F experiment Wakasa et al, PRC 84, 014614 (2011)
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Fine structure of SD excitations in O

Spin-dipole excitations by RHF+RPA
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* SDRin T_ channel by RHF+RPA, the lowest RPA state as the reference of E,. exp. Wasaka:2011

@ In general, the 0, 17, and 2 excited states are well reproduced within 1 MeV.
@ The 07, 17, and 2; triplets are found at £, ~ 0 MeV.

@ The shoulder at £, = 5.86 MeV and giant resonance at £, ~ 7.5 MeV are nicely
reproduced. In particular, the shoulder state cannot be described by shell model

calculations.




Fine structure of SD excitations in O

Spin-dipole excitations by RHF+RPA
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* SDR in T_ channel by RHF+RPA, the lowest RPA state as the reference of E,. exp. Wasaka:2011

@ [he mixtures of 1~ and 2~ states at £, ~ 9.5 MeV and E, ~ 12 MeV are
reproduced, and the former one is dominant by 2= component, whereas the latter one
is dominant by 1~ component.

@ The O resonances are predicted to be fragmented at 12 ~ 18 MeV with the peak at
E, ~ 14.5 MeV.




Fine structure of SD excitations in O

SD excitations by RHF+RPA and RH-+RPA

4.0 —r—r——————————————————r
ssfropn oo
R T ore 2 . 1,212 "_tz(;w_ @ The general pattern of 2~ excitations are
2 l similar to that of RHF+RPA calculations,
TE except the peak at £, ~ 9.5 MeV is
- missing.
@ The 1 resonances are predicted at
12 ~ 15 MeV, somehow too high in energy
4.0 e . by comparing to data.
35 [ °0(p,n)"F =m0 .
o @ The 0 resonances are predicted to be
_ centralized at 10 ~ 12 MeV, but not seen in
NE experiments yet.
£
14
@ By comparing with the experimental date, it
is found that the self-consistent RHF+RPA

E, (MeV) calculations are more favored.
HL, Zhao, Meng, PRC 85, 064302 (2012)
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Localized RHF equivalent RPA

Density functional theories

@ Density functional theories (DFT) Hohenberg & Kohn:1964
* reducing the many-body problems formulated in terms of N-particle wave

functions to the one-particle level with the local density distribution p(r)
* no other method achieves comparable accuracy at the same computational cost

@ Kohn-Sham scheme Kohn & Sham:1965
~ for any interacting system, there exists a local single-particle (Kohn-Sham)
potential vig(r), such that the exact ground-state density of the interacting

system can be reproduced by non-interacting particles moving in this local

p(r) = pxs(r Z |i(r)

* system energy density functional:

Elp(r)] = Tlp(r)] + Ecxe.[p(r)] + En[p(r)] + Exe[p(r)]

potential:



Localized RHF equivalent RPA

Covariant density functional theory — RHF theory

o Effective Lagrangian density Bouyssy:1987, Long:2006
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@ Energy functional of the system

E:<¢O\H\¢O>:Ek+E£+Ef+Ef+E£+Ef+E§+E§+Ef+E§ (7)



Localized RHF equivalent RPA

/ero-range reduction

@ Yukawa propagators of the mesons

5 / 1 e—m,-|r—r’\ 5 1 .
i\r,r)= ) I —
R T e ©)
for m; > q,
Di(q) ~ L a + =  Di(r,v) =~ —d(r — ) (9)
m?  m} m?
within the zero-order approximation.
@ Zero-range reduction of meson-nucleon couplings
2 2 2
HF 85 nr _ & nr _ §
Qg = T2 Qy = m—ga Ay = FPQ? (10)



Localized RHF equivalent RPA

Fierz transformation (1)

@ Sixteen Dirac matrices form a complete system
OS _ 17 OV _ W/i) OT _ O"LW, OPS _ 757 OPV _ ’Y57'LL

so that any one can be expressed as a linear superposition of variants with a changed
sequence of spinors,
(30'd)(20ib) = >~ ci(30*b)(20kd), (11)
k
with the coefficients c;, in the so-called Fierz table Fierz:1937, Okun:1982, Sulaksono:2003

S V T PS PV
s 1 1 1 1 _1
I
v 1 -1 1 1
2 2
T 3 0 -3 3 0 (12)
ps 11 b1
PV -1 -2 0 1 -1
@ For the isospin coefficients,
1 . -
5qaqd5chb - 5 [5%%5%% +(qa 7] gb) - (qc |7 Qdﬂ 3 (13a)
. . 1 . .
(92|71 qa) - (qc |T] qb) = 5[35%%5%%—<qa!T\qb>-<qc\T|qd>}- (13b)



Localized RHF equivalent RPA

Fierz transformation (Il)

o Fierz transformation: from o' to ot
4 4 12
af = +-ag — o\ — =ayy (14a)
E:BL 38 38
4 4
04?5 — ——ozEIF — —aEF + —ozlva (14b)
S .
o)é — ——oz?F + —ozEF — —ozﬁf (14c)
AR
ozlfv = ——ozIS{F + —ozEF + —ozlva (14d)
81 8 3
af = —1—604gF (14e)
1
ar = %% (14f)
1 4 12
Qs = —ga,}sm + gOKEF + ga?\F (14g)
1 4 4
Qips = —=0s + —ay — —oqy (14h)
ORI SR
1 2 2
Qpy = +§O§F + g@EF — g@?\/F (14))

HL, Zhao, Ring, Roca-Maza, Meng, PRC 86, 021302(R) (2012)
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SDR in localized RHF equivalent RPA
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HL, Zhao, Ring, Roca-Maza, Meng, PRC 86, 021302(R) (2012) expt: Yako, Sagawa, Sakai, PRC 74, 051303(R) (2006)
r

@ Not only the total strengths but also the individual contribution from different

spin-parity J™ components are almost identical.

@ The energy hierarchy £E(27) < E(17) < E(07) can be obtained naturally in the

present RPA calculations in the local scheme.

@ The constraints introduced by the Fock terms of the RHF scheme into the ph residual

interactions are straight forward and robust.
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Summary and Perspectives

Summary and Perspectives

Summary

% A fully self-consistent charge-exchange QRPA approach has been established based on
the RHFB theory.

v" GTR excitation energies can be reproduced in a fully self-consistent way.
v~ Fine structure of SD excitations in '°O can be well reproduced.

% A new method is proposed to construct covariant density functionals based on only

local potentials, yet keeping the merits of the exchange terms.

Perspectives
?" To identify the pure tensor forces in the relativistic framework and their effects on the
SpIN-IsospIn resonances.

?" To develop the deformed relativistic RPA approach with finite amplitude method.
?/
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