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Background: concept of effective
charge in Shell Model calculations



Definition of effective charge

Naive expectation:
In the description of nuclear electromagnetic
phenomena only protons should appear....

However: : -
* nucleons have internal structure (form factor, polarizabilities,...)

exchange currents
many-body correlations couple neutrons and protons

In the shell model approach, based on the distinction between a valence
space and an inert-core space, the eftects of the polarization of the inert core
are taken into account by the renormalization of the electromagnetic charge

The most popular “flaws™
description
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@ Not all the regions of the nuclear chart are amenable to a
SM description yet

@ Quadrupole effective charges are needed (But their value
is universal and rather well understood)




Purpose: motivations for calculating
effective charges from realistic
potentials



Open questions

Universal validity of “standard values” of the effective charges
Effective charges values for nuclei towards neutron drip line
Orbital dependence of effective charges

Physical content of the effective charges in term of modern realistic
interactions and correlations described in a many-body approach




Methods: Particle-Vibration coupling
in the Self-consistent Green function
formalism



Theoretical effective charges

(as opposed to the ones extracted from experiment)

Our purpose is to calculate effective charges without resorting to any
measurement of electromagnetic observables

Basic idea: calculate the core-polarization effect felt by the single-particle orbital
of interest because of the energy-dependent effective potential,
calculated at ADC(3) level

Effective charge as the ratio between the
transition strengths (with and without the
core-polarization) of a given multipole field:

B |3 5, (20)
(a|pe)|B) (el B)
‘5{) — s.p. state with correlations induced by the

nuclear interaction and electromagnetic operator




Results: Theoretical effective charges of
Oxygen and Nickel isotopes for E2
operator



Features of the calculation

Medium-mass isotopes:
 Oxygen isotopes in sd and psd valence space: *0O, 160, 220 and 24O
* Nickel isotopes in 01 pOgare: 48N, 56Ni, 88Ni and 78N

NN and 3N nuclear interaction NNLOsat (Phys. Rev. C 91, 051301(R))

Electric quadrupole operator E2 q5(2“) = r? Yo, (7:)
i
Dyson equation solved with self-energy truncated at ADC(3) level:

- — - - —— - -

Nuclear many-body wave function expanded in HO wave functions
with Nmax=13 and hQQ=20 MeV




Results for Oxygen isotopes

140 160 220 240
vsy vds 0.27 0.19 0.12 0.12
vs1 I/d% 0.41 (0.400'::;00'01) 0.21 0.24
vp1 vps 0.41 0.49 % 0.41 0.47 W
vps 03 = 05 0.48 02 = 04 0.36 01 = 04 0.95*0.1 = 03 0.32 Standard values of
vdg | (0.65) 027 (0.53) 0.19 (0.31) 015 (0.27) 0.16 experimental
vd; vds 0.46 0.36 0.24 0.23 Senie  diemes i
0.33
vds 0.44 (0.37 + 0.14) 0.31 030 psd nuclei are ep=1.3
msy wd; 0.69 1.07 1.04 1.03 and e.=0.5
1.14
msy mdg 1.17 (1.10  0.01) 1.16 1.15
™) TPy 1.17 1.17 1.21 1.18
my | 0.5-1.24 10s 1.0-1.2 o0 1.0-12€ 100 1.0-1.2% 105
mds 0.46 1.03 1.04 1.02
rdy wds (1.35) 0.79 (1.29) 1.16 (1.15) 1oy (1.17) 1.19
mds 1.13 1.09 1.11 1.09

- Neutron-rich nuclei have weaker core polarisation (quench of neutron effective charge)

- Significant isotopic dependence especially for neutrons (comparedem% Bohr- M%ttﬁlsozn Eq.
6-386b with Sagawa parametrisation of PRC 70, 054316, 200 2/ = e + aZ+b . dZT> )

Z N—Z ZN—-Z
eff — 42 = =
e, aA-i—b 1 ( dA 1 )

Single-particle state dependence also significant (yet to be studied and understood...)




Results for Oxygen isotopes
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Results for Nickel isotopes

TABLE II. Neutron (v) and proton (7) isoscalar E2 effective charges for static moments and transitions in Nickel isotopes, for
shell model calculations performed in Of 1p 09% valence space.

48\ 56N 68\ T8N
I/f% 0.58 0.51 0.40 0.44
l/f% I/f%* 0.80 0.55 0.57 0.39
I/f% vp1 0.51 0.43 0.33 0.39
I/f% vps3 0.52 0.45 0.34 0.45
f; | 05-0.64 °* 0.4-054 %% 0.3-044 %% 0.3-054 o
I/f% vps3 0.64 0.48 0.43 na
vp1 vp3 0.47 0.38 0.29 0.28
vps 0.45 0.37 0.27 0.29
Vg9 0.52 0.43 0.34 0.34
Wf% 1.14 1.14 1.07 1.13
ng 7Tf% 1.14 1.17 1.09 1.08
7rf% TP1 1.07 1.07 1.02 1.14
Wf% TP3 1.09 1.08 1.04 1.18
oy | 1.1-124 16 19-12¢ 12 10-114 107, 1.1-1.2{ 1
mf1 Tp3 1.19 1.19 117 % 1.20
TPL TP3 1.12 1.10 1.07 1.11
Tp3 1.11 1.08 1.06 1.11
mg9 1.19 1.15 1.12 1.16




Results for Nickel isotopes

48Ni 56Ni 68Ni 78Ni

vfs 0.58 0.51 0.40 0.44
vis vk 0.80 0.55 0.57 0.39 Standard values of
vfs vpy 0.51 0.43 0.33 0.39 experimental
vig vps 0.52 045 0.34 045 effective charges in

54 44 34 : :

vfz 0.5-0.64 4 04-054°¢ 0.3-04<€ %* 0.3-0.5¢ o f nuclei are ey=1.5
vfr vps 0.64 0.48 0.43 na P
I/p; Vpg 0.47 0.38 0.29 0.28 and en=0.5

vp3 0.45 0.37 0.27 0.29

vgo 0.52 0.43 0.34 0.34

mfs 1.14 1.14 1.07 1.13
mfs mf1 1.14 1.17 1.09 1.08
mfs ™p) 1.07 1.07 1.02 1.14
mfs Tp3 1.09 1.08 1.04 1.18

mf1 11-12 1.16 11-12 1.12 1.0-1.1 o7 1.1-12 1.11
mf7 7y 1.19 1.19 1.17% 1.20
TP1 TP3 1.12 1.10 1.07 1.11

™3 1.11 1.08 1.06 1.11

g 1.19 1.15 1.12 1.16

- Recent consensus on smaller values (~ 1.1 - 1.3) of proton effective charges

- Isotopic dependence with quenching of neutron effective charges for
neutron-rich nuclei

 No consensus on magnitude of value of neutron effective charges (results
consistent with microscopic PVC model with Skyrme interaction in PRC 80, 014316)




Dipole response function and
electric polarisability



Experimental techniques:
e Coulomb excitation

e Photoabsorption

Theoretical methods:
e Nuc

e Cou

nleo

ear EDF
-Cluster/LIT

e SCGF method

Rich nuclear structure phenomena:
GDR, PDR, polarisability

Correlations among observables:
(polarisability , neutron-skin thickness) (polarisability , neutron radius)

Correlations between observables and parameters of a model
(polarisability , symmetry energy in EDF)



Electromagnetic response in SCGF

o (E) — A% E R( E) PHOTOABSORPTION CROSS SECTION

OBSERVABLES < R(E)
ap = 2« / dE r ELECTRIC DIPOLE POLARIZABILITY

Dipole response R(E) encodes the excited states of the
nuclear system, when “probed” with dipole operator D

R(E) =) |<¢2|DIy¢>|?dg,,p

v




Electromagnetic response in SCGF
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Results: cross section and
dipole polarisability

160 220 AOCCI 48(:(:I



Results for Oxygen isotopes

o from RPA response (discretized spectrum) vs o from photoabsorption and Coulomb excitation
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- GDR position of 16O reproduced
- Hint of a soft dipole mode on the neutron-rich isotope

Dipole polarizability ap (fm?)
Nucleus | SCGF CC/LIT Exp

160 0.53  0.57(1) 0.585(9)
220 0.77  0.86(4) 0.43(4)




Results for Calcium isotopes

o from RPA response (dlscretlzed speotrum) vs O from photoabsorptlon and Coulomb excitation
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- GDR positions reproduced
Dipole polarizability ap (fm?)
Nucleus | SCGF CC/LIT Exp
10Ca 1.89  1.47 (1.87)ihresnh  1.87(3)
BCa 2.14 2.45 2.07(22)
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Results for Calcium isotopes

0 from RPA response (discretized spectrum) vs o from photoabsorption and Coulomb excitation
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- Width = 1 MeV (Lorentzian convolution)

Dipole polarizability ap (fm?)

Nucleus | SCGF CC/LIT Exp
10Ca 1.89  1.47 (1.87)ihresnh  1.87(3)
BCa 2.14 2.45 2.07(22)




Conclusions and Perspectives

- Set of effective charges for Oxygen and Nickel isotopes

calculated from realistic potential (ready to be used as input in Shell
Model calculations)

- Expected isospin-dependence of neutron effective charges
Is found
principles

+ Continuum to be included, but dipole polarisability seems
guite insensitive to it

Correlations: going beyond 1storder RPA approximations?
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Convoluted Response (' = 1 MeV)
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ADC(3) formalism

Extension of the Algebraic Diagrammatic Construction (ADC) method in
the Self-Consistent Green Function formalism to 3N interactions

L Uy D
%%WW
L >U>€>

w {y Third order perturbation expansion diagrams

of the self energy with 3N forces

-
XS L
A oH H

Status: - Derivation of the formulas for all irreducible self-energy diagrams at third-order
- Organisation of the self-energy formulas according to the ADC(3) scheme

- Dominant diagram with bare 3N force implemented

What’s next: . Publish the equations
- Assess the importance of this diagram through computation

of binding energies and radii with realistic interaction




Etfective charges in shell model approach

In the shell model approach, based on the distinction between a valence
space and an inert-core space, the effects of the polarization of the inert core
are taken into account by the renormalization of the electromagnetic charge

Isolde Shell Model Course for Non

Practitioners

E. Caurier, G. Martinez-Pinedo,
F. Nowacki, A. Poves and K. Sieja

Isolde Shell Model Course for Non Practitioners
CERN, October 141"-181-2013




Etfective charges in shell model approach

Basic notions

Starting with a regularized interaction, the exact solution of the
secular problem, in the (infinite) Hilbert space built on the mean
field orbits, is approximated in the large scale shell model
calculations by the solution of the Schrodinger equation in the
valence space, using an effective interaction such that:

HV = EV — Hepr Vesr. = EWVepr

In general, effective operators have to be introduced to account
for the restrictions of the Hilbert space

<W|(’)|\U> — <weff.|Oeff.|weff.>



Definition of effective charge

Naive expectation for low-energy nuclear structure:
In the description of nuclear electromagnetic

phenomena only protons should appear....

However:
nucleons have internal structure (form factor, polarizabilities,...)

exchange currents
many-body correlations couple neutrons and protons:

Mechanism of coupling of the
single particle with collective

nuclear excitations dressing the
charge

center-of-mass conservation
core-polarization effects
particle-vibration coupling

Coupling of neutrons and protons via center-of-mass conservation:
Effective charge in the nuclear dipole moment: q¢ff = q - (Ze)/A




Green functions for nuclear physics

Tools of choice for the Green functions practitioners in many-body nuclear physics:

Schrodinger equation

with microscopic Taﬁa ag + Va'y gsalal ~2503 + — ) Wane,gon ahalalayasag
P al
nuclear Hamiltonian a*fﬁ
Bdén
. <\IJA| |\IJA+1>(\IIA+1| T|\I,A> <\I’A t \IIA_l lIlA_l TA
Green function Coplw) = 3 Zol0alBa T Tapl¥a) | o (e |ap|¥k N{¥E laa|%)
(Lehmann representation) n W —E&n +17 7 w =&, —in

_ (0) 0
Dyson equation Gap(w) = G, Z G( ) (w 25(w)Gsp(w)




Green functions for nuclear physics

In the presence of an external potential

Tools of choice for the Green functions practitioners in many-body nuclear physics:

Schrddinger equation
with microscopic H*( Z Topahas+ Z Ve85 alalasag * 36 Z Wane,p6n abalalanasap + Z bap(t) alas
of
ﬂ&

nuclear Hamiltonian gg;

A A
Green function e Z<‘I’64|aa|‘11£+1><‘1’,‘3+1|a2|‘1164> i Z(‘I’(’)LHGIH\II,~c NWNOL T aa|TE)

. + . — o
(Lehmann representation) n W—En 17 - W—€p —1n

Gap(t—t') =Gop(t—t) + ,,Ci‘(‘”OW) (t — t1)¢f,af’\) (t1)Gsp(ts — t')
Dyson equation + Gg),z (t - tl)Zf(Y&“A) (t1 — tQ)GJﬁ(tQ — t’)




Irreducible self-energy:: f}gs’“)

In the presence of an external field, the energy-dependent part of the self-energy dynamic is

* ~ External field X
A
()\MA)
— 2particle-1hole
2 ( ) - R(Qplh) propagator
A
2N interaction

Effective potential including the correlations of the interacting nuclear medium
AND the effects of the presence of the external field

- Defined through the Dyson equation
- Written as perturbative expansion in the 2N interaction and external potential

- Organised in an approximate truncated scheme (Algebraic Diagrammatic Construction ADC)




Particle-vibration coupling (PVC)

A.N. Bohr & B. R. Mottelson

4

bare moment

ELEMENTARY MODES OF EXCITATION IN
THE NUCLEUS

Nobel Lecture, December 11, 1975

by
BEN R. MOTTELSON
NORDITA, Copenhagen, Denmark

N

polarization effect

Fig. 11. Renormalization of the matrix elements of a single-particle moment resulting from

particle-vibration coupling. The moment F may be any operator that acts on the degrees of
freedom of a single particle, such as an electric or magnetic moment, f-decay transition

moment, etc.







Equivalence of the Dyson equation to an eigenvalue problem

diag{e®} + ¥ M)
MM diag{E™}
M@t

1
w — diag(E)

|

M

wWw=¢€;



How does ADC(n) work practically (l)

1
C M
w—F u




