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Nuclear structure,
nuclear models and symmetries

P. Van Isacker, GANIL, France

Recent trends in nuclear structure theory.
Why do we (still) need nuclear models?
The role of symmetries

- Historical landmarks
- Examples of recent applications



Ab initio nuclear structure
The ab initio approach aims to describe nuclei

- from the interactions between the nucleons, ideally 
as derived from QCD (not possible as yet → EFT, 
effective field theory);

- in a comprehensive manner (“all” nuclei with their 
“complete” phenomenology);

- with an estimate of theoretical uncertainties.

Question: Will new (unexpected) structural 
features emerge from this reductionist approach?



Ab initio progress

H. Hergert, Front. Phys. 8 (2020) 379



Chiral effective field theory (EFT)
χEFT is a low-energy 

realisation of QCD.
DOFs: nucleons+pions.
Interactions:

explicit pion-driven
others: contact →
coupling constants

Power counting provides 
an organisational 
scheme.

S. Weinberg, Nucl. Phys. B 363 (1991) 3
E. Epelbaum et al., Rev. Mod. Phys. 81 (2009) 1773
R. Machleidt, F. Sammarruca, Phys. Scripta 91 (2016) 083007



The nuclear many-body problem
With the Hamiltonian H=T+H2+H3+… from 𝜒EFT 
solve the A-body eigenvalue problem:

Truncate infinite 1-body Hilbert (single-particle) 
space to one with dimension D.
Dimension of the A-body Hilbert space:

Exact diagonalisation quickly becomes intractable 
→ need for approximate methods.
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Many-body approximations
Partitioning of H in H0 (easy) and H1 (rest).
The eigenvalue problem is easy for H0:

An expansion series for the true eigenfunction:

Two possible expansions of the wave operator:
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A. Tichai et al., Front. Phys. 8 (2020) 164



Symmetry breaking & restoration
Exact symmetries of the true Hamiltonian:

In closed-shell nuclei:

In open-shell nuclei: 

→ zoo of many-body methods [closed/open, U(1) 
and/or SU(2), perturbative (MBPT), non-
perturbative (SRG, CC, CF,…)].
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The need for nuclear models
Ab initio nuclear theory 

is invariably 
complicated.

Experiments reveal a 
Janus-faced nucleus, 
the properties of 
which are often 
complex but 
sometimes simple.
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A complex nucleus: 112Cd

P.E. Garrett et al., Phys. Rev. Lett. 123 (2019) 142502



A complex nucleus: 160Er

J. OLLIER et al. PHYSICAL REVIEW C 83, 044309 (2011)
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FIG. 1. The level scheme for 160Er constructed from the present work. Energies are given in keV, and the width of the arrows is proportional
to the relative intensity of the transitions. Spin assignments and excitation energy of the bands labeled TSD 1, 2, and 3 are based on comparisons
with results from CNS calculations; see text as well as Ref. [20].

enriched (98.7%) targets of 116Cd, inducing fusion-evaporation
reactions. The target comprised of two self-supporting 116Cd
foils with a total thickness of 1.3 mg/cm2. The γ decays

resulting from the reaction products were detected using
the Gammasphere γ -ray spectrometer [26,27]. A total of
∼1.9 × 109 events were collected when at least seven of
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Random matrices, GOE…

E.P. Wigner, Ann. Phys. 53 (1951) 26



Emergence of new concepts
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The shears mechanism
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Fig. I. Schematical representation of the density distribution of the high-j proton particles (torus like) and 
neutron holes (dum-bell like) in a shears band. From the top to the bottom, the three panels correspond to 
the beginning, the middle and the end of the band. 

state, where the angular momentum projection onto the symmetry axis of the deformed 
nucleus, K, changes due to its orbital part. Hence, depending on which kind of excitation 
one has in mind, the “scissors mode” involves a reorientation of the whole deformed 
proton distribution or only of pairs of weakly correlated protons against the deformed 
neutron distribution. In the “shears bands” , on the contrary, a pair of high-j protons in 
stretched coupling changes its orientation relative to a pair of high-j neutron holes in 
stretched coupling, where the nucleus is only weakly deformed. 

S. Frauendorf, Nucl. Phys. 557 (1993) 259c



Do we need parametrised models?

P.E. Garrett et al., Phys. Rev. Lett. 123 (2019) 142502



Do we need parametrised models?

N. Gavrielov et al., to be published



Simplicity through symmetry

F. Iachello & A. Arima, The Interacting Boson Model



Symmetries of nuclear models
Heisenberg (1932): isospin SU(2) 
Wigner (1937): spin-isospin SU(4)
Racah (1943): seniority SU(2)
Elliott (1958): rotation SU(3)
Arima & Iachello (1976): IBM U(6)



Theory of complex spectra
In the 1940s Racah published a series of seminal papers on 
the application of group theory to atomic spectra. The 
third of the series (primarily concerned with coefficients 
of fractional parentage) contains the first mention of 
seniority.



Racah’s “seniority number”



Conservation of seniority
Seniority u is the number of particles not in pairs 

coupled to J=0 (Racah).
Conditions for the conservation of seniority by a 

an interaction can be derived in general
Any two-body interaction between identical fermions 

with spin j conserves seniority if j£7/2.

A. de-Shalit & I. Talmi, Nuclear Shell Theory
I. Talmi, Simple Models of Complex Nuclei



Is seniority conserved in nuclei?
The interaction between nucleons is “short range”.
A d interaction is therefore a reasonable 

approximation to the nucleon two-body force.
The d interaction between identical nucleons 

conserves seniority.
\ In semi-magic nuclei seniority is conserved to a 

good approximation.



Seniority and ph conjugation
The particle-hole conjugation operator Γ

transforms a problem of n fermions in a j shell 
into one with 2j+1-n fermions.

A representation of the ph transformation

where S± are the quasi-spin operators

A. Müller-Arnke, Nucl. Phys. A 215 (1973) 205

Γ̂ = exp 1
2 π Ŝ+ − Ŝ−( )#
$

%
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+( )0
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+



A geometric phase
The action of ph conjugation on a seniority state:

The sign is without any consequence except if the 
left and right states are the same, that is for a 
half-filled shell, n=2j+1-n.

The observable consequence of this phase is that 
Δυ=±2 seniority mixing is forbidden.

R.D. Lawson, Theory of the Nuclear Shell Model

Γ̂ jnυJ = −( ) n−υ( )/2 j2 j+1−nυJ



Five nucleons in a j=9/2 shell



Spectrum of 213Pb

J.J. Valiente-Dobón et al., Phys. Lett. B 816 (2021) 136183



E2 transitions in 213Pb

Pb213
13182(a) Theory (b) Experiment
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Effective charges
One kind of nucleon in a single-j shell

Matrix elements between n-nucleon states are

Calculate recursively until
→ All B(E2) values within a single-j shell depend 
on one effective charge.

T̂1 E2( ) = eeff aj+ aj( )
2( )

j T̂1 E2( ) j = eeff 5

A. de-Shalit & I. Talmi, Nuclear Shell Theory
I. Talmi, Simple Models of Complex Nuclei
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State-dependent effective charges
In a single-j shell

Matrix elements between n-body states are 
calculated recursively until

→ Many effective charges.

T̂1 E2( ) = eeff J, !J( ) aj+ aj( )
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State-dependent effective charges
B(E2) values depend on all effective charges 

eeff(J,J-2) for n > 2.
Example: the 13/2+ -> 9/2+ E2 transition for n=3.

Constant effective charge:

State-dependent effective charges:

j3 9 2 T̂1 E2( ) j3 132 = 7
110

54
11 eeff 2, 0( )+ 453

1573 eeff 4, 2( )( +

+ 3067
1573 eeff 6, 4( )+ 408

143 eeff 8, 6( ))

j3 9 2 T̂1 E2( ) j3 132 = 70
11
eeff



E2 data in 210Po and 211At
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V. Karayonchev et al., Phys. Rev. C 99 (2019) 024326
V. Karayonchev et al., Phys. Rev. C 106 (2022) 044321



One-body E2
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State-dependent one-body E2
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E2 properties of N=50 isotones
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E2 properties of N=50 isotones
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E2 transitions in 94Ru
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E2 transitions in 95Rh

B. Das et al., to be published
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Conclusions
Despite a rapid progress in ab initio calculations 

and many-body methods there is still a need for 
simple models of complex nuclei.  

Symmetry methods grounded in group theory 
provide such simple models.

Unexpected and unexplained experimental results 
are the most interesting ones.


