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Nuclear magnetic dipole moments from ab initio calculation
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Motivations

Many opportunities for interdisciplinary studies! 

• Astrophysics 

• Particle physics 

• …

Plenty of interests: 

• Nuclear forces 

• Emergence & evolution of shell structure 

• Emergence of shape  

• … 
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Motivations

Many opportunities for interdisciplinary studies! 

• Astrophysics 

• Particle physics 

• …

Plenty of interests: 

• Nuclear forces 

• Emergence & evolution of shell structure 

• Emergence of shape  

• … 

https://wwwkm.phys.sci.osaka-u.ac.jp/en/research/r01.html

F. S. Queiroz, arXiv:1605.08788.
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M. S. Safronova et al., Rev. Mod. Phys. 90, 025008 (2018).

Tests of current knowledge are needed! 
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Motivations

▪ EM observables can be used  

✦ to investigate nuclear structure (shell structure, shape, …) 

✦ to test nuclear ab initio calculations 

▪ To test ab initio calculations we need: 

✦ (precise) experimental data 

✦ reasonable starting nuclear Hamiltonian(s) 

✦ controllable many-body method(s) 

✦ higher-order contribution of EM operators (focus of this talk) 

▪ Once the methods are tested, making predictions for the unknown are more convincing.
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▪ Ab initio IMSRG calculations
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A. Klose et al., Phys. Rev. C 99, 061301 (2019).

A. R. Vernon et al., Nature 607, 260 (2022). 

AIn (Z=49)

Motivations



7

Nuclear ab initio calculation

Quarks & gluons

Ideal path (LQCD)Non-perturbative

Nuclear many-body problem 
✦ Green’s function Monte Carlo 

✦ No-core shell model 

✦ Nuclear lattice effective field theory 

✦ Self-consistent Green’s function 

✦ Coupled-cluster 

✦ In-medium similarity renormalization group 

✦ Many-body perturbation theory  

✦ …
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Nuclear interaction from chiral EFT

▪ Lagrangian construction 

✦ Chiral symmetry 

✦ Power counting 

▪ Systematic expansion 

✦ Unknown LECs 

✦ Many-body interactions 

✦ Estimation of truncation error

Weinberg, van Kolck, Kaiser, Epelbaum, Glöckle, Meißner, Entem, Machleidt, …

Figure is from E. Epelbaum, H. Krebs, and P. Reinert, Front. Phys. 8, 1 (2020). 
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Nuclear currents from chiral EFT

▪ Nuclear observables (EM properties, beta decay, …) are measured through the interaction 
between a nucleus and external field. 

▪ Chiral EFT allows us a systematic expansion for charge and current operators.

E. Epelbaum, arXiv:1908.09349. 

Vector (EM observables, …) Axial vector (GT transition, …)
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Nuclear currents from chiral EFT

▪ Nuclear observables (EM properties, beta decay, …) are measured through the interaction 
between a nucleus and external field. 

▪ Chiral EFT allows us a systematic expansion for charge and current operators.

Vector (EM observables, …)

S. Pastore et al., Phys. Rev. C 87, 035503 (2013).
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Nuclear currents from chiral EFT

▪ Nuclear observables (EM properties, beta decay, …) are measured through the interaction 
between a nucleus and external field. 

▪ Chiral EFT allows us a systematic expansion for charge and current operators.

Vector (EM observables, …)

U. Friman-Gayer et al., Phys. Rev. Lett. 126, 102501 (2021).
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Nuclear currents from chiral EFT

▪ Nuclear observables (EM properties, beta decay, …) are measured through the interaction 
between a nucleus and external field. 

▪ Chiral EFT allows us a systematic expansion for charge and current operators.

Vector (EM observables, …)
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This work
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Valence-space in-medium similarity renormalization group

evolution

s: flow parameter
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Valence-space in-medium similarity renormalization group

evolution
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Magnetic dipole moments

▪ Magnetic moment from IMSRG. 

▪ Single-particle analytical limits do not always 
explain the experimental data. 

▪ A better agreements with IMSRG, but not perfect. 

▪ 2BC globally improves the magnetic moments. 

✦ Enhancement from 2BC

VS-IMSRG(2), 1.8/2.0 (EM)
TM et al., Phys. Rev. Lett. 132, 232503 (2024). 



▪ 2BC makes agreement worse. 

▪ Activating the 40Ca core explains the magnetic moments better. 

▪ The radii are not explained. Further investigations are needed!
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Is 40Ca magic?

VS-IMSRG(2), 1.8/2.0 (EM) TM et al., Phys. Rev. Lett. 132, 232503 (2024). 



▪ The size of 2BC contribution is larger in heavier systems.
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Mass dependence of 2B contribution

VS-IMSRG(2), 1.8/2.0 (EM)



▪ The size of 2BC contribution is larger in heavier systems. 

▪ The simplest configuration limit is 0+ core + 1 particle (or hole) 

▪ |rp - rq|  1-2 fm because of pion-exchange potential≲

18

Rpq ~ r0A1/3

rpq 1-2 fm≲

The peak position moves to larger R for 
heavier systems.
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Mass dependence of 2B contribution

TM et al., Phys. Rev. Lett. 132, 232503 (2024). 



▪ M1 transition in pf-shell nuclei 

▪ 2BC slightly enhances the major 

B(M1)’s.
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2BC effect on M1 transition

VS-IMSRG(2), 1.8/2.0 (EM)

Exp. W. Steffen et al., Nucl. Phys. A 404, 413 (1983); D. I. Sober et al., Phys. Rev. C 31, 2054 (1985).

100 states with LSF
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2BC effect on M1 transition

Recent CC study found a similar disagreement

B. Acharya et al., Phys. Rev. Lett. 132, 232504 (2024).

Coupled-cluster calculations

C. Brase 
TU Darmstadt

48Ca

48Ca
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▪ Magnetic dipole moments 

✦ For most of doubly-closed shell nuclei +/- 1 systems, the 2BC improves the agreements. 

✦ 2BC effect becomes large for heavier systems due to the 2B CM dependence of the operator.  

▪ M1 transition 

✦ The 2BC effect is small for N=28 isotones. CC calculation also found a similar 2BC effect. 

✦ (e, e’) or (p, p’) result? Further investigation is needed

Summary
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Backup slides
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Motivations

▪ Magnetic dipole moment: 

▪ Magnetic dipole operator: 

▪ Neighbors of doubly magic:

<latexit sha1_base64="sl0hiMR8nF2mt+XGl3zAY+Qcs8g="></latexit>
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Motivations

▪ Configuration mixing effect: 

▪ Arima and Horie computed ci perturbatively:  

▪ Good agreement with data. 

✦ The deviation from the Schmidt value indicates how much the 0+ core is broken.

Ji Core polarization

A. Arima & H. Horie 1954
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Normal ordering wrt a single Slater determinant

▪ Initial Hamiltonian is expressed with respect to nucleon vacuum 

✦ Hamiltonian normal ordered with respect to a single Slater determinant 

✦ Normal ordered two-body (NO2B) approximation:
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Model-space convergence

▪ NN+3N Hamiltonian (harmonic oscillator basis) 

▪ Parameters:  

✦ hw 

✦ emax=max(2n+l)* 

✦ E3max=max(e1+e2+e3). 

▪ As emax and E3max increases, the observable 
should not depend on all the parameters. 

*Equivalent to (number of major shells)+1

emax = 0

emax = 1

emax = 2

emax = 3

hw

e=3

e=2

e=1

e=0

E3=5
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E3max convergence in heavy nuclei

TM, S. R. Stroberg, P. Navrátil, K. Hebeler, and J. D. Holt, Phys. Rev. C 105, 014302 (2022). 

Previous limit

132Sn

=              +               +                + 

FullNO2B approx.
NO2B approximation error ~ a few %  
[S. Binder et al., Phys. Rev. C 87, 021303 (2013).]

Exp.

Asymptotic form: 
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Radii

Asymptotic form:

Exp.:4.709(8) fm

TM, S. R. Stroberg, P. Navrátil, K. Hebeler, and J. D. Holt, Phys. Rev. C 105, 014302 (2022). 
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Convergence of 209Bi
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b2 =
~
m!

Nl =

⇢
emax emax + l ⌘ 0 (mod 2)

emax � 1 emax + l ⌘ 1 (mod 2)

nocc
nl : occupation number of an orbit specified by n and l

anl : (n+ 1)-th zero of the spherical Bessel function
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Magnetic moments of In isotopes

VS-IMSRG(2), 1.8/2.0 (EM), emax=14, E3max=24, hw = 16 MeV



▪ Expectation value: 

▪ The simplest limit:  

▪ The expectation value depends a particle in the core and last unpaired particle.
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