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M1 transition 
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0+ 1+

D. I. Sober et al, Phys. Rev. C 31, 2054 (1985).

Magnetic-dipole (M1) mode is the leading
mode of the magnetic excitations by,
e.g. electron scattering, proton scattering, etc.

Selection rule: ΔJ=1, Δπ=0, e.g. 0+(GS) → 1+.

The M1 response can be a good reference for (i) 
unnatural-parity residual interactions and (ii) 
pairing correlations.

Note: the unnatural-parity residual interactions 
have minor contributions in the even-even ground-
state energies, and thus, there remain large 
ambiguities.
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Inelastic neutrino-nuclear reaction:

➔ The M1 M.E. can be common to the GT0 M.E. for the neu.-nucl. reactions.

M1 transition: link with neutrino-nuclear reaction
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M1 matrix elements can be used to estimate the inelastic neutrino-nuclear scattering, 
which can be important in astrophysical phenomena, e.g. r-process.
[K. Langanke et. al., PRL 93, 202501 (2004).]

“Our aim is to show that precision data on the magnetic dipole (M1) strength distributions, 
obtained by inelastic electron scattering, supply to a large extent the required information 
about the nuclear Gamow-Teller (GT) distribution which determines the inelastic neutrino-

nucleus cross sections for supernova neutrino energies.”
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M1 transition: link with spin-orbit (LS) splitting 

Matrix elements of M1 up to the 1-body-operator level:

➔M1 transition can happen between LS partners, e.g. f7/2→ f5/2.
Since the nuclear LS splitting is large, M1 becomes measurable.
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M1 operator does not have f(r), 
and thus, it is expected as 
sensitive to spin properties.
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Proton/electron inelastic scattering to probe M1
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A. Tamii et. al., Nucl. Phys. A 788, 53c-
60c (2007): M1 excitation by proton 
inelastic scattering.

J. Birkhan et. al., PRC 93, 
041302(R) (2016).
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Proton/electron inelastic scattering to probe M1
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S. Bassauer et. al., Phys. Rev. C 102, 
034327 (2020):
M1 data for Sn isotopes are obtained.

M. Mathy et. al., PRC 95, 
054316 (2017).

➔ These new data can be a good reference to examine & improve theoretical framework.
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Toward this goal, there are several “architypes” in the nuclear theory.

Phenomenological approaches: (continued)

✓ Energy-density functional (EDF) theory for atomic nuclei.

- The practical implementation has been done in the framework of the self-consistent mean-

field calculation. The famous example is Hartree-Fock-Bogoliubov (HFB) method.

- Non-relativistic version: Skyrme, Gogny, etc.

- Relativistic version: point-coupling or meson-exchange. ➔ my main topic now.

P.-G. Reinhard, Reports on Progress in Physics 52 (1989) 439.

D. Vretenar, A. V. Afanasjev, G. A. Lalazissis, and P. Ring: Physics Report 409 101 (2005), 

and references therein.

Universal 

Theory for  

Nuclei

Input = arbitrary 

set(s) of (Z, N).

Z: proton number

N: neutron number

Output = full information on 

the (Z, N) nucleus, including e.g.

1. Binding energy,

2. Charge and matter radii,

3. Collective excitation,

4. Radioactivity, etc.
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Universal model of nuclei = one dream of nuclear physics
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Universal 

Theory for  

Nuclei

Input = arbitrary 

set(s) of (Z, N).

Z: proton number

N: neutron number

Output = full information on 

the (Z, N) nucleus, including e.g.

1. Binding energy,

2. Charge and matter radii,

3. Collective excitation,

4. Radioactivity, etc.

Toward this goal, there are several “architypes” in the nuclear theory.

✓ QCD ➔ The most fundamental theory of strong interaction. However, it is non-perturbative to 

calculate the low-energy nuclear properties. In future, with e.g. lattice or AdS/CFT, maybe done?

Phenomenological approaches:

✓ Shell model: E. Caurier et. al., Review of Modern Physics 77, 427 (2005);

L. Coraggio et. al., Progress in Particle and Nuclear Physics 62(1), 135182 (2009).

✓ Ab initio calculation: S.C. Pieper and R.B. Wiringa, “Quantum Monte Carlo calculations of light 

nuclei“, Annual Review of Nuclear and Particle Science 51, 5390 (2001);

B.R. Barrett, P. Navratil, J.P. Vary, Prog. in Part. and Nucl. Phys. 69, 131181 (2013).

✓ Chiral effective field theory:

R. Machleidt and D.R. Entem, Physics Report 503, 1-75 (2011).

Universal model of nuclei = one dream of nuclear physics
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The nuclear EDF theory has been utilized as one tool to calculate the static
and dynamical properties widely in the nuclear chart.
- Non-rela’ EDF: Skyrme, Gogny, etc.
- Rela’ EDF: meson-exchange, point-coupling, etc.
Implementation:
- Static properties (ground state): the self-consistent EDF-meanfield calc.
- Dynamical properties, e.g. collective excitations: the quasi-particle 

random-phase approximation (QRPA), time-dependent, etc.

QRPA equation (matrix formulation)

EDF-based meanfield calculation
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H. Nam et al, J. of Phys. Conf. 
Series 401, 012033 (2012).
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Milestones of nuclear EDF theory
Hohenberg-Kohn theorem (multi-electron systems)    Phys. Rev. 136, B844 (1964).
Ground state 𝛷 as well as its energy are functionals of the density 𝜌 𝑥 =

𝛷 𝜓+(𝑥)𝜓(𝑥) 𝛷 . Once the EDF, E[𝜌 𝑥 ] = 𝛷 𝜌 𝐻 𝛷 𝜌  is found, the ground state 

can be solved by the density-variational principle.

Kohn-Sham method (multi-electron systems)    Phys. Rev. 140, A1133 (1965).
Implementation of the density-variational principle is shown as applicable.

EDF theory for multi-nucleon systems
⚫ (1970~) Phenomenological self-consistent meanfield calculations with Skyrme, Gogny, 

Rela’ point-coupling, etc. E.g. D. Vautherin and D. M. Brink, Phys. Rev. C 5, 626 (1972).
⚫ (2000~) Those meanfield calculations are re-considered as the products of nuclear 

EDF theory.
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Methods:
(i) REDF-based Hartree-Bogoliubov

(ii) quasi-particle random-phase 
approximation (QRPA)
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Point-Coupling REDF Lagrangian

In this work, we employ the 
point-coupling model.

Setting = DD-PC1 parameters.

References:
[1] T. Niksic, D. Vretenar, and P. 
Ring, Progress in Particle and 
Nuclear Physics 66(3), 519-548 
(2011). [2] T. Niksic et. al., Comp. 
Phys. Communications, 107184 
(2020).
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Relativistic Hartree method
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For example, DD-PC1 Lagrangian➔ DD-PC1 Hamiltonian.

(1) We assume the relativistic Hartree ground-state solution as single-Slater determinant 
of the particle-basis states.

Then, the Hamiltonian is also formally represented within these basis:

(2) No-sea approximation: we neglect the Dirac-sea states with negative energies.
(3) The particle states are obtained from the self-consistent mean-field Dirac equation:

Initial guess: Densities Potentials (scalar & vector)

Dirac equation (from variation principle):

※Fock term is neglected, and DD-PC1 parameters 
are re-optimized.
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Bogoliubov transformation for pairing
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Hamiltonian in the true-particle representation:

(1) Before the Bogoliubov transformation = pairing correlation, the HF-ground state is obtained as single-Slater 
determinant of the true-particle states.

(2) Then we move to the HFB-ground state by the Bogoliubov transformation.

These Bogoluibov coefficients (U & V) are determined so as to minimize the <H> including the pairing gap.
How to solve them numerically? ➔ H(F)B equation.
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Quasi-particle random-phase approximation (QRPA)
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[1] QRPA assumption: we only consider the one-body-operator type, where its spin-parity couples to (J, P).

[0] Hartree-(Fock)-Bogoliubov solves the ground state of quasi-particles. Then the excited states are generally 
given as follows.

[2] Amplitudes (X & Y) can be obtained from the matrix QRPA equation.

➔QRPA matrices A & B are determined from the 
effective interaction (Lagrangian). Those are 
numerically calculated and diagonalized.

➔Note that the numerical cost can be a problem.
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What “relativistic” EDF provides?

Relativistic EDF (Covariant DF) Theory
= effective field theory of nucleons and mesons.

Motivation & Caution to choose the REDF framework:
✓ In the original work by J.D. Walecka [1], his original motivation was to obtain the stress tensor for the Einstein equation 

of neutron stars. This purpose needs the relativistic formalism. As a successful result by Walecka [1], the repulsive core 
of the nuclear force in the high-density region can be naturally concluded.

✓ The Dirac-Lorentz formalism leads to a consistent treatment of spin degrees of freedom as well as an unified 
description of time-even and time-odd fields [2]. Also, the relativistic effect and causality can be included [1-4].

✓ Connection between the force and meson is clear: e.g. tensor force is from one-pion exchange (pseudo-scalar & 
pseudo-vector coupling) [4].

✓ Spin-orbit (LS) level splitting, which is one fundamental feature of atomic nuclei, is naturally concluded [2-4]. This 
character could be a key to evaluate e.g. the charge distribution, M1 and Gamow-Teller excitations, etc.

References: [1] J. D. Walecka, Ann. of Phys. 83, 491 (1974); [2] D. Vretenar et al., Phys. Report 409, 101-259 (2005); [3] P.-G. 
Reinhard, Rep. on Progress in Phys. 52, 439 (1989); [4] 土岐博＆保坂淳、「相対論的多体系としての原子核」、大阪大学出
版会(2011).
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Spin-orbit (LS) splitting from Dirac eq.

Scalar meson(s)
Vector meson(s)
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Relativistic QRPA for M1
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Publications:
1. G. Kruzic, T.O., D. Vale, and N. Paar, Phys. Rev, C 102, 044315 (2020);
2. T.O., G. Kruzic, and N. Paar, J. Phys. G 47, 115106 (2020);
3. G. Kruzic, T.O., and N. Paar, PRC 103, 054306 (2021).
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✓ (i) For the GS of even-even nuclei, the relativistic Hartree-Bogoliubov (RHB) calculation is performed by 
using the DD-PC setting for Lagrangian [1, 2]. (ii) Two-Gaussian pairing force is employed in the particle-
particle channel [3]. (iii) For the M1-excited states, the QRPA is employed [3].

✓ (iv) In the QRPA, we additionally consider the IV-PV coupling as the residual interaction [3]. Note that this 
IV-PV originates in the one-pion exchange.

References: [1] T. Niksic, D. Vretenar, and P. Ring, Progress in Particle and Nuclear Physics 66(3), 519-548 
(2011). [2] T. Niksic et. al., Comp. Phys. Com., 107184 (2020). [3] G. Kruzic et. al., PRC 102, 044315 (2020).

Rela’ Hartree-Bogoliubov & QRPA

Point-coupling REDF Lagrangian:
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DD-PC

IV-PV for QRPA

QRPA: from
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How about the ground-state (GS) properties?
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Relativistic EDF (Covariant DF) Lagrangian
= density-dependent point-coupling (DD-PC) effective field
theory of nucleons.

+
⚫ Self-consistent mean-field assumption for single Slater 

determinant of (quasi-particle) A nucleons.
⚫ For the pp channel, the driving force of Cooper-pairing 

correlation is approximated with the non-relativistic finite-
range force.

⚫ We neglect the Fock terms, and re-optimize the DD-PC 
Lagrangian. ➔ Self-consistent Dirac-Hartree-Bogoliubov 
calculation with HO basis.

✓ One relativistic-synonym method of calculation, which is 
similar to the HFB with Skyrme or Gogny force.

✓ Binding energies, their odd-even staggering, and charge radii 
of medum-heavy nuclei can be well reproduced.
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Interactions:
(1) DD-PC1 for ph-RHB;
(2) IV-PV (residual int.) for ph-RQRPA.

➔ The IV-PV unnatural-parity residual 
interaction significantly affects the M1 
response. Note that, if we only see the GS 
(0+) solution from the RHB, the IV-PV 
does not make a finite effect.

Residual interactions to shift M1 energies
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Residual interactions to shift M1 energies
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✓ The IV-PV interaction causes the actual M1-excitation energy to shift 
from the original LS-splitting energy for a few MeV.

✓ In addition, the pairing interaction (right panel) also provides the finite 
shift of the M1 energy from the LS-splitting.

Without pairing.                                 With pairing.
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Summation of IV M1 strength
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Sumrule:

➔ For open-shell nuclei, the pairing interaction affects the M1 strength.
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Quenching effect in M1
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Exp. Data from S. Basseur et. al., PRC 102, 034327 (2020).

✓Quenching of 0.8-0.9 is necessary to reproduce the exp. 
M1 summation, i.e., it is not bad.
✓Note that the experimental M1 distribution is quite 

broad, whereas our result is based on a narrow-
resonance assumption.

➔ Summation of M1 strength:

Our REDF-QRPA result

G. Kruzic, T.O., N. Paar, PRC 103, 054306.

We performed the systematic 
evaluation of M1 in Sn isotopes:
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Magnetic-dipole (M1) excitation of 
nuclear Cooper pair
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BM1(Eγ; 0+ → 1+),  Eγ= Ef − EGS𝒪𝑀1 = 𝑔𝑠 Ƹ𝑠1 + Ƹ𝑠2 + 𝑔𝑙 መ𝑙1 + መ𝑙2

= Δ𝐿𝑆
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Search for the S12=1 pairs of neutrons/protons(T12=1)

S12=1

Like Helium-3 superfluidity

S12=0

Like BCS coupling for electrons

OR/AND
?

Recent collaboration with K. Yoshida and N. Hihohara
➔Even with the S12=0 pairing force only, there can emerge a finite S12=1 component.

[N. Hihohara, TO, K. Yoshida, arXiv: 2308.02617]
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NN scat. in many channels Ryozo Tamagaki, Prog. Theo. Phys. Vol. 44, 905-928 (1970): 
theoretical evaluation.

Normal density of nuclear matter:
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Here I switch to the three-
body model calculations 
for while…

𝑂

Ԧ𝑟2

Ԧ𝑟1

𝑅𝐶𝑀
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𝑂

Ԧ𝑟2

Ԧ𝑟1

𝑅𝐶𝑀
𝑂

Ԧ𝑥2

Ԧ𝑥1

Ԧ𝑥𝐶

General coordinates:                                                                                        V + center-of-mass coordinates:

Three-body model: core + 2p
Two fermions (protons or neutrons) move around the core. ➔ Simple model of one nuclear (Cooper) pair inside the nucleus.

V = int. between core-p.
vpp = int. between p-p.

Y. Suzuki and K. Ikeda, Phys. Rev. C 38, 410 (1988).
G. Bertsch and H. Esbensen, Ann. Phys. 209, 327 (1991).
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Three-body model: core + 2p

Relation between jj-coupling (A) and LS-coupling (B) schemes of angular-momentum labels.

Ԧ𝑗1 = Ԧ𝑙1 + Ԧ𝑠1,

Ԧ𝑗2 = Ԧ𝑙2 + Ԧ𝑠2.

𝐿12 = Ԧ𝑙1 + Ԧ𝑙2,
Ԧ𝑆12 = Ԧ𝑠1 + Ԧ𝑠2.

⇒ Ԧ𝐽12 = Ԧ𝑙1 + Ԧ𝑙2
+Ԧ𝑠1 + Ԧ𝑠2.
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Potentials used in this three-body model
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Ԧ𝑟2

Ԧ𝑟1

Hamiltonian:

Core-nucleon potential V(r) → energy levels of the core-nucleon subsystem.

Pairing force vpp→ fitted to the two-nucleon separation energy.
(1) Schematic density-dependent contact (DDC) interaction,

(2) Spin-dependent two-Gaussian interaction,

TO, N. Paar, PRC 100, 024308 (2019).
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Hamiltonian:

Two-nucleon states = superposition of non-correlated basic states.

Ԧ𝑟2

Ԧ𝑟1

Wave functions solved in this three-body model

Expansion coefficients are obtained by diagonalizing non-diagonal terms.
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When only 2 nucleons can be active for M1,

When 2p/2n are coupled to JP=0+ at the initial state, possible combinations of (L12, S12) 
= (1,1) or (0,0) only. Thus,

Summation of BM1(Ef) coincides the spin-triplet (S12=1) ratio in the initial state.
→ M1 transition can be used to infer the spin-triplet pairing ratio.
→ This spin-triplet ratio depends on the (l1,l2,j1,j2) labels combined with pairing vpp.

Spin-triplet ratio

Note: we discuss the M1 
strength up to the one-body-

operator level in this work.
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Summation of M1 excitation of “one Cooper pair”

𝑄𝑀1 = 𝑔𝑠 Ƹ𝑠1 + Ƹ𝑠2 + 𝑔𝑙 መ𝑙1 + መ𝑙2

TO, N. Paar, PRC 100, 
024308 (2019).
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40Ca core
(mostly 
M1 silent)
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Results for 42Ca = 40Ca + 2n 
Note: EGS= -S2n= -19.843 MeV in experimental data.
- SRV = g2

s 2NS=1 ,  VS,
- naive summation: BM1(Eγ; 0+ → 1+),  Eγ= Ef − EGS

Two pairing-force models are used and compared. They reproduce the same energy.
DDC = density-dep. contact:                                          Minnesota = spin-dep. Gaussian:

➔M1 transition is 
sensitive to the 
pairing models. This 
sensitivity remains 
even when those are 
equivalently fitted to 
the same GS energy.

Ԧ𝑟2

Ԧ𝑟1
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16O
(mostly 
M1 silent)

18O, EGS(Exp.)= -12.188 MeV              18Ne, EGS(Exp.)= -4.523 MeV

M1 excitation 
S12=1 pairing 
ratio inside nuclei.
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Results of M1 in 18O/ 18Ne = 16O + 2n/2p TO, N. Paar, PRC 100, 
024308 (2019).

Ԧ𝑟2

Ԧ𝑟1
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Now, let me return to the 
REDF-QRPA calculations.
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Sensitivity of M1 to pairing models
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Expt. = S. Bassauer et. al., Phys. 
Rev. C 102, 034327 (2020):

v.s.   our QRPA results:

The major M1 energy is 
reproduced with both 
models. However, the 
ZM3(=S1P) predicts the 
low-lying peak, which is 
not measured.

➔ D1S looks better.
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M1 excitations with rela’ mean-field + QRPA TO, G Kruzic, N. Paar, Eur. Phys. 
J. A 57, 1-7 (2021).

with

RMF+QRPA results for M1 excitations with D1S (S12=0) and S1P (S12=1) pairing models.

M1 summations across the close/open-
shell isotopes remarkably depend on 
the nuclear Cooper-pair spin, S12.
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M1 excitations with rela’ mean-field + QRPA TO, G Kruzic, N. Paar, Eur. Phys. 
J. A 57, 1-7 (2021).

Conclusions from M1-with-pairing part:
✓ The “S12=0 or 1” plays a role to control the M1 

excitation energies and strengths.
✓ Systematic calculations of M1 may lead us to the 

finding of system(s) with large S12=1 component.Expt. Data = D. I. Sober, et al, PRC 31, 2054 (1985)

with

RMF+QRPA results for M1 excitations with D1S (S12=0) and S1P (S12=1) pairing models.
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Pair. Sensitivity of M1/M2/E1
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Test of QRPA in E1:

➔M1 is especially sensitive to pairing modes.
➔M2 with S1P yields the low-lying resonance.
➔E1 is not sensitive. This insensitivity is checked also in 

E2 and E3.
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Collaborators:
Nils Paar (Univ. of Zagreb, Croatia)
Ante Ravlic (Univ. of Zagreb, Croatia)
Goran Kruzic (Univ. of Zagreb & Ericsson-Nikola Tesla, Croatia)

Gamow-Teller (GT) and M1 transitions 
and their (broken) symmetry
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Spin magnetic-dipole (M1) = spin-isospin mode A
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The spin-M1 operator in its isovector (IV) mode contains 
the spin-isospin excitation operator.
Selection rule (even-even): 0+ ➔ 1+

The M1 mode also plays a role in the determination of neutron-capture rates, of significance 
for the r-process nucleosynthesis.

In M1 transitions, main contributions stem from the spin-orbit (SO) splitting as well as the 
relevant residual interactions.

Only the j>,<➔ j<,> transition is 
allowed.
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Gamow-Teller (GT) = spin-isospin mode B
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Main component of charge-exchange reactions and beta-
radioactivity. Its operator is similar to the M1, and the 
selection rule is the same but including the charge 
exchanging (CE).

B(GT)  Two experimental probes have been utilized:
- Weak-interaction probe = beta radioactivity.
- Strong-interaction probe = CE reactions, e.g. by proton or 3He scattering.

GT transitions ➔ (i) nucleosynthesis, especially by determining the beta-decay lifetimes, 
which provide a key ingredient for understanding the r-process timescale; (ii) neutrino-
induced reactions and electron capture in nuclei during the late stages of stellar evolution; 
(iii) double-beta decays(?).
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Neutrino-nuclear reaction:

➔ The M1 M.E. can be common to the GT0 M.E. for the neu.-nucl. reactions.

M1 transition: link with neutrino-nuclear reaction
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M1 matrix elements can be used to estimate the neutrino-nuclear reaction, which is 
important in astrophysical phenomena, e.g. r-process.
[K. Langanke et. al., PRL 93, 202501 (2004).]
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M1 and GT transitions
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E.g. 42Ca ~= 40Ca+2n

πf7/2

πf5/2

νf7/2

νf5/2
M1

GT

GT: 42Ca(0+) ➔ 42Sc(1+)      M1: 42Ca(0+) ➔ 42Ca(1+)

M1 & GT can be interpreted as 
isobaric-analogue transitions. 
Does the theory reproduces them 
simultaneously? (LS splitting, res. 
interactions, pairing, etc.)

E(M1) ~= E(νf5/2) - E(νf7/2), whereas
ΔE(GT) ~=  E(πf5/2) - E(πf7/2), with 
common selection rule: 0+

➔ 1+.



/71

Model & methods (common to the previous ones)
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- Relativistic Hartree-Bogoliubov (RHB) type with DD-PC REDFs.
- Relativistic quasi-particle random-phase approximation (QRPA) 

for M1/GT excitations.
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Point-Coupling REDF Lagrangian

In this work, we employ the 
point-coupling model.

Setting = DD-PC1 parameters.

Refs:
[1] T. Niksic, D. Vretenar, and P. 
Ring, Progress in Particle and 
Nuclear Physics 66(3), 519-548 
(2011). [2] T. Niksic et. al., Comp. 
Phys. Communications, 107184 
(2020).
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Non-pertub. calculations for M1/GT transitions
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Non-perturbed 
calculations of REDF-
based QRPA, where only 
the DD-PC1 Lagrangian is 
used.
• IV-PV ➔ Neglected.
• Pairing ➔ Neglected.

✓ Equivalence between M1 and higher 
GT(-) is confirmed.

✓ GT(-) has another low-lying resonance.
✓ Ikeda-Fujita-Fujii SR for GT ➔ Checked.
✓ Kurath’s SR for M1 ➔ Checked.
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Next step = full REDF-QRPA with residual interactions
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➔Let’s see what happens when we add residual interactions.
(1) IV-PV:
(2) Paring for open-shell:
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Full-REDF-QRPA results for M1 and GT transitions
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➔ As the residual IV-PV interaction becomes stronger, the M1 and 
GT modes become more divergent from each other. Namely, the 
IV-PV interaction disrupts the isobaric-analogue similarity 
between M1 and GT.

➔ Simultaneous reproduction of M1 & GT energies for both light and 
heavy nuclei is still demanding....
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Mirror symmetry of M1 and GT transitions
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✓ Both M1 and GT(+)(-) transitions show an agreement between 
mirror-symmetric nuclei.

“Colourful Nuclide Chart”
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Mirror symmetry of M1 and GT transitions
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Experimental data by Y. Fujita et al, Eur. Phys. 
J. A 56, 138 (2020): E_{GT} = 0.611 MeV.

✓ Both M1 and GT(+)(-) transitions show an agreement between 
mirror-symmetric nuclei. Here pairing is taken into account.

✓ PN-pairing plays an essential role to explain the low-lying GT peaks.
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Mirror symmetry of M1 and GT transitions
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✓ Both M1 and GT(+)(-) transitions show an agreement between 
mirror-symmetric nuclei. Here pairing is taken into account.

✓ PN-pairing plays an essential role to explain the low-lying GT peaks.
✓ Giant GT somehow vanishes in experiments. Continuum effect?

Ikeda-Fujii-Fujita Sumrule:
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Summary of GT/M1 part

The relativistic HB+QRPA computation is applied to the M1 and GT excitations.

✓ The IV-PV coupling remarkably affects the M1 and GT-excitation properties.

✓ For simultaneous reproduction of M1 and GT of various nuclei, we need to 
improve the REDF Lagrangian, e.g., with the density-dependent IV-PV 
couplings to reproduce the M1/GT energies of doubly-magic nuclei.

✓ The pairing interactions provide a sizable effect on these spin-isospin 
transitions. Especially the PN pairing is important to explain the low-lying GT 
excitations.
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Relativistic QRPA for M2 
excitation
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Motivation
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What we did before the M2↓
✓ Relativistic HB + QRPA for E1, M1, Gamow-Teller (GT), etc.
✓ Effect of residual interaction, pairing interaction, isobaric-analogue 

symmetry and its breaking, etc.

Why we choose the M2 as the next target?
✓ Indeed, M2 is minor, and could be less impacting than E1, M1, etc.
✓However, we had one question: “Is the quenching factor fitted to M1 data 

can be valid in the M2 case, too?” →We still wait for data…
✓ Von-N. Cosel et. al. are now planning the systematic measurement of M2. 

Thus, nice data for reference will be possibly obtained near future.
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QRPA for M2 excitation
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M2-excitation strength: with M2 operator:

Those are solved from QRPA.

These were obtained with HB before QRPA.
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Result: M2 strength in Ca-48 (1)
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G. Kružić, TO, and N. Paar, Eur. Phys. Journal A 59(3), page 50 (2023).

By taking the 
energy-weighted 
(EW) summation,

➔ If the high-energy M2 data will become 
available, the consistency may be restored.

EW-M2 sum. (our model, up to 40 MeV.)
= 76.1 x 103 MeVμ2

Nfm2 for 48Ca;
= 160.1 x 103 MeVμ2

Nfm2 for 90Zr.
VS

(experimental data, up to 15 MeV.)
= 15.7 x 103 MeVμ2

Nfm2 for 48Ca;
= 23.6 x 103 MeVμ2

Nfm2 for 90Zr.
[P. von-N.-Cosel et. al., PRL 82, 1105 (1999).]
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Quenching effect in M1
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Exp. Data from S. Basseur et. al., PRC 102, 034327 (2020).

✓Quenching of 0.8-0.9 is necessary to reproduce the exp. 
M1 summation, i.e., it is not bad.
✓Note that the experimental M1 distribution is quite 

broad, whereas our result is based on a narrow-
resonance assumption.

➔ Summation of M1 strength:

Our REDF-QRPA result

G. Kruzic, T.O., N. Paar, PRC 103, 054306.

We performed the systematic 
evaluation of M1 in Sn isotopes:
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Result: M2 strength in Ca-48 (2)
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G. Kružić, TO, and N. Paar, Eur. Phys. Journal A 59(3), page 50 (2023).

Effect of residual IV-PV interaction:

✓ The IV-PV interaction affects the M2 
excitation from 0+ GS to 2- states.

✓ This effect was also confirmed in the 
M1 case. Energy shifts of M1 and M2 
modes are in the same order, namely, 
a few MeV.

✓ Note that this shift did not affect the 
EW-M2 summation.



/71

Result: M2 strength in Ca isotopes
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G. Kružić, TO, and N. Paar, Eur. Phys. Journal A 59(3), page 50 (2023).

Conclusions in the M2 part: the relativistic HB+QRPA 
calculation is applied to the M1/M2 excitations.

✓ The IV-PV coupling as the residual interaction gives 
finite effects: ΔE = 2~5 MeV.

✓ Is the quenching effect common between M1 and 
M2? → for M2 especially, future experiments may 
provide the missing data to answer to this question.
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Summary and remaining problems for future studies

✓ M1 and GT transitions are calculated within the unique 
theoretical framework. → The simultaneous reproduction of 
M1/GT is still demanding. Why?

✓ M1 excitation of open-shell system is sensitive to the nuclear 
Cooper-pairing spin S12. →What kind of pairing model is the 
best for open-shell nuclei?

✓ Calculations for M2 →When the M2 data will become available, 
can we use common quenching factor? 



/71[2023.Septembre.21st] NEWS colloquium in RCNP & ZOOM (T. OISHI) 71

Announcement Registration will be open soon.


	スライド 1
	スライド 2
	スライド 3
	スライド 4
	スライド 5
	スライド 6
	スライド 7
	スライド 8
	スライド 9
	スライド 10
	スライド 11
	スライド 12
	スライド 13
	スライド 14
	スライド 15
	スライド 16
	スライド 17
	スライド 18
	スライド 19
	スライド 20
	スライド 21
	スライド 22
	スライド 23
	スライド 24
	スライド 25
	スライド 26
	スライド 27
	スライド 28
	スライド 29
	スライド 30
	スライド 31
	スライド 32
	スライド 33
	スライド 34
	スライド 35
	スライド 36
	スライド 37
	スライド 38
	スライド 39
	スライド 40
	スライド 41
	スライド 42
	スライド 43
	スライド 44
	スライド 45
	スライド 46
	スライド 47
	スライド 48
	スライド 49
	スライド 50
	スライド 51
	スライド 52
	スライド 53
	スライド 54
	スライド 55
	スライド 56
	スライド 57
	スライド 58
	スライド 59
	スライド 60
	スライド 61
	スライド 62
	スライド 63
	スライド 64
	スライド 65
	スライド 66
	スライド 67
	スライド 68
	スライド 69
	スライド 70
	スライド 71

