
N. Paar
Department of Physics

Faculty of Science, University of Zagreb, Croatia

Giant and Soft Modes of Excitation in Nuclear
Structure and Astrophysics, Trento, 24-28.10.2022.

Constraining energy density functionals with dipole excitations and 
parity-violating electron scattering experiments 



• nuclear energy density functional (EDF)
unified approach to describe at the quantitative level 
nuclear properties across the nuclide map including exotic 
nuclei – astrophysically relevant properties

q static and dynamic properties of finite nuclei 
across the nuclide map (nuclear masses, 
excitations,...)

q equation of state of nuclear matter
q nuclear processes and reactions (beta decays, 

beta delayed neutron emission, neutron capture, 
neutrino-induced reactions, nuclear fission ...) (UNEDF)

INTRODUCTION

1. Constraining the symmetry energy in the REDFs
2. Using dipole polarizability to establish REDFs with correct symmetry energy
3. Implications of parity violating electron scattering experiments for the EDFs
4. Magnetic M1 transitions in the REDF theory
5. Conclusions

• relativistic energy density functional (REDF)
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RELATIVISTIC NUCLEAR ENERGY DENSITY FUNCTIONAL

• Relativistic point coupling interaction

• The basis is an effective Lagrangian with four-fermion (contact) interaction terms; isoscalar-scalar, 
isoscalar-vector, isovector-vector, derivative term

• many-body correlations encoded in density-dependent coupling functions that are motivated by 
microscopic calculations but parameterized in a phenomenological way – 10 model parameters

• Extensions: pairing correlations in finite nuclei (Gogny / separable pairing force)
- Relativistic Hartree-Bogoliubov model

• In the small amplitude limit, self-consistent quasiparticle random phase approximation (QRPA)
is used to compute nuclear excitations

• supplemented by the co-variance analysis to determine statistical uncertainties of calculated 
quantities
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• The EDFs have been parametrized with the experimental
data on the ground state properties of finite nuclei

• Nuclear ground state properties are often not enough to constrain the effective 
interaction completely, especially its isovector channel (that is especially relevant 
for the neutron-rich nuclei, neutron skins, symmetry energy, neutron stars, etc.).

• The protocols to determine the EDF’s often included additional constraints on the 
pseudo-observables on the nuclear matter properties (often they are arbitrary).

• The neutron skin thickness rnp may be useful probe for the isovector channel of the 
EDFs. However, the data on rnp are often model dependent.

• Other observables are required to constrain the isovector channel of the EDFs.

CONSTRAINING THE EDFs
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THEORY FRAMEWORK

• Nuclear matter equation of state (for the uniform and infinite system)

✏ = (⇢0 � ⇢)/(3⇢0)

• Symmetry energy S2(ρ) describes the 
increase in the energy of the N≠Z system as 
protons are turned into neutrons

J – symmetry energy at saturation density

L – slope of the symmetry energy
(related to the pressure of neutron matter) 

NUCLEAR MATTER EQUATION OF STATE
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X. Roca Maza, N. P.,
Nuclear equation of state from ground and collective excited state properties of nuclei
Progress in Particle and Nuclear Physics 101, 96-176 (2018). 

1. Isoscalar modes
1.1 Isoscalar giant monopole resonance
1.2 Isoscalar giant dipole resonance 
1.3 Isoscalar giant quadrupole resonance
2. Isovector modes
2.1 Isovector giant dipole resonance
2.2 Dipole polarizability 
2.3 Pygmy dipole strength 
2.4 Isovector giant quadrupole resonance
3. Charge-exchange modes
3.1 Isobaric analog resonance 
3.2 Gamow-Teller resonance
3.3 Spin-dipole resonance
3.4 Anti-analogue giant dipole resonance

Experimental and theoretical efforts in finding and measuring observables especially 
sensitive to the EoS properties are important, not only for low-energy nuclear physics 
but also for nuclear astrophysics applications.

CONSTRAINING THE EDFs

CONSTRAINTS 
FOR THE ISOSCALAR
PROPERTIES

CONSTRAINTS 
FOR THE ISOVECTOR
PROPERTIES

Nuclear collective excitations provide important constraints for the EDFs



VARIATION OF THE SYMMETRY ENERGY IN CONSTRAINING THE EDF

• Establish a set of 8 relativistic point coupling interactions that span the range of values of the 
symmetry energy at saturation density: J=29,30,…36 MeV     E. Yuksel, N.P., Universe 7, 71 (2021).

• Adjust the properties of 72 spherical nuclei to exp. data (binding energies, charge radii, 
diffraction radii, surface thickness, pairing gaps) 

• Each interaction is determined independently using the same dataset supplemented with an 
additional constraint on J

NEUTRON MATTER ENERGY p.p.
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• Isovector dipole transition strength for 208Pb using a set of relativistic point coupling 
interactions which vary the symmetry energy properties (J=30,31,…,36 MeV)

Pygmy 
dipole strength Isovector giant

dipole resonance

• Isovector giant dipole resonance
• Pygmy dipole strengths
• Dipole polarizability (                     )

• The transition strength is sensitive 
on the properties of symmetry 
energy - (J,L)

• Strategy to determine symmetry 
energy parameters:

Ø build the EDF which accurately 
reproduces experimental data on 
the dipole transitions (e.g., dipole 
polarizability, pygmy strength, etc.)
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CONSTRAINING THE SYMMETRY ENERGY
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CONSTRAINING NEUTRON SKINS FROM DIPOLE POLARIZABILITY



CONSTRAINING THE NUCLEAR MATTER INCOMPRESIBILITY 

• Nuclear matter incompressibility  

• It can be determined from the energies of compression mode in nuclei:
Isoscalar Giant Monopole Resonance (ISGMR)

• ISGMR energies from inelastic scattering of α-particles, e.g. D. Patel et al., PLB 726, 178 (2013)

(for nuclei)

Strategy to determine Knm (for nuclear matter) 

q Build the EDF that accurately reproduces 
(e.g. by using the RPA) the experimental 
data on the ISGMR excitation energy 

Ø The Knm value associated with the EDF that 
best describes the experimental ISGMR 
energy is considered as the “correct” one.
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• The relativistic point coupling EDF constrained by the nuclear ground state properties 
and collective excitation properties in finite nuclei – DD-PCX
Ø E. Yuksel, T. Marketin, N.P., PRC 99, 034318 (2019)

• The observables used directly in χ2 minimization to constrain the functional:
• standard – nuclear masses (34), charge radii (26), pairing gaps (15)
• additional – dipole polarizability (208Pb) to constrain the symmetry energy

Exp. data: αD=19.6±0.6 fm3 A. Tamii et al. PRL 107, 062502 (2011)
A. Tamii (private communication (2015)

– isoscalar giant monopole resonance (208Pb) to constrain the 
nuclear matter incompressibility
Exp. data: EISGMR=13.5±0.1 MeV D. Patel et al., PLB 726, 178 (2013)

ü DD-PCX è the first EDF constrained by nuclear ground state properties, dipole 
polarizability and ISGMR excitation energy

Ø The EDF constrained by this procedure will have the ”correct” symmetry energy – the 
one that is necessary to reproduce the experimental data on dipole polarizability

Ø It will also have the ”correct” nuclear matter incompressibility that is compatible with 
the measured ISGMR excitation energy

CONSTRAINING THE ENERGY DENSITY FUNCTIONAL



NUCLEAR BINDING ENERGIES AND CHARGE RADII

DD-PCX: new relativistic density dependent point coupling interaction  



saturation properties 
of nuclear matter

DD-PCX: RMS errors for binding energies, charge radii, and mean gap values
for a selection of nuclei 

THE PROPERTIES OF FINITE NUCLEI AND NUCLEAR MATTER 

E. Yuksel, T. Marketin, N.P., PRC 99, 034318 (2019).



• dipole polarizability (αD) in several nuclei – DD-PCX interaction improves 
description of the exp. data

DIPOLE POLARIZABILITY

E. Yuksel, T. Marketin, N.P., PRC 99, 034318 (2019).

• Exp. data on αD:
48Ca - J. Birkhan et al., PRL 118, 252501 (2017).
68Ni - D. M. Rossi et al., PRL 111, 242503 (2013).
1112-124Sn – S. Bassauer et al., PLB 810, 135804 (2020).
208Pb – A. Tamii et al., PRL 107, 062502 (2011); A. Tamii (priv. comm.) (2015).
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• neutron skin thickness in neutron-rich nucleus 208Pb
• DD-PCX: rnp (208Pb) = 0.159 ± 0.005 fm

experiment Skyrme relativistic
EDF theory

NEUTRON SKIN THICKNESS



Measurement of neutral weak form factor FW in elastic scattering of electrons on nuclei

v significantly larger coupling of the Z0boson to neutrons compared to protons

▶ Parity violating (PV) asymmetry 

𝐴!" =
𝜎# − 𝜎$
𝜎# + 𝜎$

→ nuclear weak form factor FW

48Ca (CREX) 
FW(q=0.8733 fm-1)=
0.1304±0.0052(stat)±0.0020(syst.)

D. Adhikari et al., PRL 129, 042501 (2022).

208Pb (PREX II) 
FW(q=0.3978 fm−1)=0.368±0.013

D. Adhikari et al., PRL 126, 172502 (2021).  
S. Abrahamyan et al., PRL 108, 112502  (2012).

D. Adhikari et al., PRL 126, 172502 (2021).  

PREX AND CREX EXPERIMENTS



What are implications of new CREX and PREX experiments for the nuclear matter 
symmetry energy and isovector properties of finite nuclei: neutron skin thickness and 
dipole polarizability?

We introduce EDFs directly 
constrained by FW:

l The CREX and PREX-II weak form 
factors FW are employed directly in χ2
minimization of the model parameters 
of the relativistic density-dependent 
point coupling EDFs, alongside with 
the usual properties of nuclei (EB, rc, 
pairing gaps)

→ 3 new relativistic point 
coupling interactions:
l DDPC-CREX – constrained by 

FW(48Ca)
l DDPC-PREX – constrained by 

FW(208Pb)
l DDPC-REX – constrained by 

FW(48Ca) & FW(208Pb)

E. Yuksel, N.P., arXiv:2206.06527 (2022).



Nuclear matter properties for relativistic point coupling EDFs

EDFs constrained by CREX and PREX data result in rather different values of 
the symmetry energy (J) and its slope parameter (L)
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.

PROBING THE NEUTRON SKIN THICKNESS

E. Yuksel, N.P., arXiv:2206.06527 (2022).
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The dipole polarizability αD of 48Ca and 208Pb as a function of the form factor difference 
Fch − FW using relativistic EDFs. 
Vertical bands denote Fch − FW range of values from the CREX and PREX-II (D. Adhikari et al., 
PRL 126, 172502 (2021); PRL 129, 042501 (2022).)
Horizontal bands correspond to the experimental data on αD (J. Birkhan et al., PRL 118, 252501 
(2017);  A. Tamii et al., PRL 107, 062502 (2011); X. Roca-Maza et al., PRC 92, 064304 (2015).)

PROBING THE DIPOLE POLARIZABILITY

E. Yuksel, N.P., arXiv:2206.06527 (2022).
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Isovector M1 spin-flip transitions
• induced by           operator

ΔJ=1, ΔL=0, Δπ=0, ΔS=1, ΔT=1 
Jπ=0+(GS) → Jπ=1+

Y. Fujita et al. / Progress in Particle and Nuclear Physics 66 (2011) 549–606 553

Fig. 1. Schematic isospin structure of J⇡ = 1+ states excited from the g.s of an even–even J⇡ = 0+ nucleus with T = T0 = 0 (N = Z). The reactions
mainly responsible for each excitation and the types of operator are shown alongside the arrows indicating the transitions. Isobaric analogue relationships
among states are shown by broken lines. The Coulomb displacement energies have been removed to show the isospin symmetry of the system clearly.

a

b

Fig. 2. A comparison of (3He, t) and (p, p0) spectra on the T = 0, 28Si target nucleus. The excitation energies in spectrum (b) are shifted by 9.3 MeV, the
amount of the Coulomb displacement energy. The M1 states observed in the (p, p0) spectrum can have either T = 1 or T = 0. On the other hand, the
(3He, t) reaction can only excite T = 1, GT states that are analogous to the T = 1,M1 states. The Ex values in the (3He, t) spectrum are from [22]. The Ex
values and the identification of T = 0,M1 states in the (p, p0) spectrum are from [15,22].

in both reactions leads to the states being well separated and clearly identified. If a pair of corresponding states is observed
in both (3He, t) and (p, p0) spectra, the M1 state in 28Si can be identified to be T = 1 [22]. In addition, we see that the
corresponding GT andM1 states, i.e., analogue states, are excited with corresponding strengths.

2.3. Isospin structure and GT, spin M1 and Fermi transitions in T = 1/2 nuclei

In a pair of Tz = ±1/2mirror nuclei, every state has an analogous state of similar structure in the conjugate nucleus (see
Fig. 3). Such states should have the same half-integral J values and parity. Examples of Tz = ±1/2 mirror nuclei are 9Be and
9B, 23Na and 23Mg or 27Al and 27Si.

Because of the symmetry structure of the Tz = ±1/2 mirror nuclei, M1 and GT transitions from the same state (or its
analogue) to another state (or its analogue) are all analogous. Analogous transitions are expected to have similar energies
and strengths. Therefore, the mirror and thus isospin symmetry properties can be investigated by combining the strength
and energy information for analogous transitions.

Most of the Tz = +1/2 nuclei in the sd-shell region are stable (e.g. 9Be, 23Na, and 27Al) while themirror Tz = �1/2 nuclei
(e.g. 9B, 23Mg, and 27Si) undergo� decay. Therefore, analogousGT transitionswith Tz = ±1/2 ! ⌥1/2 are studied by (p, n)-
type CE reactions and �+ decay, respectively. Since the ground states are mutual IASs, the Fermi strength is concentrated in

Isovector M1 spin-flip excited states 
are analogous to Gamow-Teller states 
in neighboring nuclei

Y. Fujita et al., PPNP 66, 549–606 (2011). 

MAGNETIC DIPOLE TRANSITIONS

M1 transitions can also be induced
by the orbital angular momentum
operator
Scissors mode (orbital M1, ΔT=1)

�⌧3
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D. Bohle, A. Richter, et al., 
PLB 137, 27 (1984).
K. Heyde et al., 
RMP 82, 2374 (2010).

• Transitions between spin-orbit 
partner states allowed
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Ø M1 transition operator – spin and orbital angular momentum operators

µ̂1⌫ =
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Ø Gyromagnetic factors

• orbital
• spin

• isoscalar

• isovector Largest
factor

MAGNETIC DIPOLE (M1) TRANSITION OPERATORS 
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• Relativistic Quasiparticle 
Random Phase Approximation
(RQRPA) equations

Ø Includes also contribution from the pseudovector interaction term to describe
unnnatural parity transitions Jπ=1+

Transition strength 

Ø The PV coupling strength is constrained by exp. M1 energies in 48Ca and 208Pb

M1 TRANSITION STRENGTH DISTRIBUTIONS 
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relevant contributions come 
from proton transitions
(⇡1g9/2 ! ⇡1g7/2)
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Neutron transitions
104-116Sn:
(⌫1g9/2 ! ⌫1g7/2)

<latexit sha1_base64="DcZtdR3oiyqwFJVpDkTj+Jm6PQ8=">AAACCXicbVDLSgMxFL1TX7W+Rl26CRahbupMqVR3RTcuK9gHdErJpGkbmskMSUYoQ7du/BU3LhRx6x+4829M2xG09UDgcM693JzjR5wp7ThfVmZldW19I7uZ29re2d2z9w8aKowloXUS8lC2fKwoZ4LWNdOctiJJceBz2vRH11O/eU+lYqG40+OIdgI8EKzPCNZG6tqo4IkYuYNucnlWmiBPh+hHqBjhFHXtvFN0ZkDLxE1JHlLUuvan1wtJHFChCcdKtV0n0p0ES80Ip5OcFysaYTLCA9o2VOCAqk4ySzJBJ0bpoX4ozRMazdTfGwkOlBoHvpkMsB6qRW8q/ue1Y92/6CRMRLGmgswP9WOOTN5pLajHJCWajw3BRDLzV0SGWGKiTXk5U4K7GHmZNEpFt1w8vy3nq1dpHVk4gmMogAsVqMIN1KAOBB7gCV7g1Xq0nq03630+mrHSnUP4A+vjG4gzl7E=</latexit>

(⌫2d5/2 ! ⌫2d3/2)

<latexit sha1_base64="q8sgWcUwCbiKVszUpTgsjYHbYPc=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0Wom5rUFl0W3bisYB/QhDCZTNqhk0mYmQgldOvGX3HjQhG3/oE7/8ZpG0FbDwwczrmXO+f4CaNSWdaXUVhZXVvfKG6WtrZ3dvfM/YOOjFOBSRvHLBY9H0nCKCdtRRUjvUQQFPmMdP3R9dTv3hMhaczv1DghboQGnIYUI6Ulz4QVh6ewFnhZ46w2gY6K4Y9wroVT6Jllq2rNAJeJnZMyyNHyzE8niHEaEa4wQ1L2bStRboaEopiRSclJJUkQHqEB6WvKUUSkm82STOCJVgIYxkI/ruBM/b2RoUjKceTryQipoVz0puJ/Xj9V4aWbUZ6kinA8PxSmDOq801pgQAXBio01QVhQ/VeIh0ggrHR5JV2CvRh5mXRqVbtebdzWy82rvI4iOALHoAJscAGa4Aa0QBtg8ACewAt4NR6NZ+PNeJ+PFox85xD8gfHxDXVXl6U=</latexit>

116Sn- neutron transition is 
suppressed because 
becomes occupied

118-140Sn
(⌫1h11/2 ! ⌫1h9/2)
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that factor of 2 is needed to reproduce the experimen-
tal data [7]. Table II also shows the ratio of the e↵ec-
tive g factor including quenching (geff ) with respect to
that for free nucleons (gfree), where the quenching fac-
tor is determined in order to reproduce the experimental
data for M1 transition strength in each even-even iso-
tope 112�124Sn. Assuming the general quenching applies
to all gyromagnetic factors involved in the M1 transition
operator, the results show geff/gfree=0.80-0.93, that is
higher than previously reported values geff/gfree ⇡ 0.6-
0.75 [47, 50–54], i.e., smaller quenching of the gfree factor
is needed to reproduce inelastic proton scattering data
on M1 transitions. As discussed above, since part of the
experimental data above the neutron threshold may be
missing, the results of the present study indicate that
the actual quenching of the g factors in nuclear medium
may be very small or even negligible in comparison to
the g factors for the free nucleons. Clearly, additional
experimental studies are required to confirm this.

We also performed a complementary analysis of the
quenching of g factors, by investigating the Gamow-Teller
(1+) transition 100Sn ! 100In, recently investigated from
the measurement of the half-life and decay energy for
the decay of 100Sn [86]. The resulting transition strength
amounts B(GT, exp.) = 9.1+2.6/-3.0. By employing the
proton-neutron RQRPA from Ref. [87], we obtain the re-
spective strength B(GT+) =13.67, i.e., the quenching of
0.82 is needed in the g factor to reproduce the exper-
imental data. Therefore, the result obtained using the
GT transition from 100Sn seems to be consistent with
our analysis of M1 transitions in Sn isotopes.

TABLE II: The total RQRPA (DD-PC1) transition
strength

P
Bth.

M1
in µ2

N units for 112�124Sn in
comparison to the experimental data from inelastic

proton scattering [46]. Last column (geff/gfree) shows
the quenching of the g factors of the free nucleons,
needed to reproduce the experimental data on M1

transition strengths.

P
Bth.

M1

P
Bexp.

M1 geff/gfree

112Sn 22.81 14.7(1.4) 0.80

114Sn 22.61 19.6(1.9) 0.93

116Sn 22.56 15.6(1.3) 0.83

118Sn 22.76 18.4(2.4) 0.89

120Sn 23.34 15.4(1.4) 0.81

124Sn 25.55 19.1(1.7) 0.86
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FIG. 7: (Top) Energy-weighted summation m1(M1).
For 124�132Sn, the corresponding results with Kurath’s
sum rule are also displayed. (Bottom) M1 strength
distribution of 124Sn with and without the pairing

interaction.

IV. SUMMARY

In this work we have investigated the evolution of M1
(0+ ! 1+) excitations in even-even Sn isotopes based on
the RHB+R(Q)RPA formulated in the framework of rel-
ativistic nuclear energy density functional [44, 45]. The
M1 excitations induced by µ̂1⌫ operator, mainly by its
spin component, are governed by single particle spin-
flip transitions j< $ j> between corresponding spin-
orbit partners. Model calculations show that along the
Sn isotope chain the M1 transition strength distribu-
tion is characterized by the interplay between single- and
double-peak structures. In the latter case, detailed anal-
ysis of the 2qp components showed that the first peak is
dominated by proton spin-flip transition, while the sec-
ond peak displays an interplay between dominating neu-
tron spin-flip transition and smaller proton transition.
The evolution of the M1 transition strength of the two
main peaks is governed by the subtle e↵ects of the single-
particle structure, pairing correlations, respective occu-
pation probabilities, and RQRPA residual interaction.
Comparison with available experimental data shows that
independent neutron and proton spin-flip spectra are cor-
rectly identified, single and double-peaked distribution of

The total RQRPA (DD-PC1) transition strength in comparison to the new experimental 
data from inelastic proton scattering - S. Bassauer et al., PRC 102, 034327 (2020).

quenching of the g factors of the 
free nucleons, needed to 
reproduce the exp. data on M1 
transition strengths.

(µ2
N )
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Less quenching (0.8-0.93) is 
required in comparison to previous 
studies (0.6-0.75). Some M1 exp. 
data above neutron threshold may 
be missing because of limited 
accuracy ⇒ weaker quenching?

THE QUENCHING OF g-FACTORS FROM M1 TRANSITIONS

• In general, model calculations provide more M1 transition strength than the 
experimental data.  Often the quenching in g-factors (0.6-0.75) is introduced in 
models to resolve this discrepancy. 

• The quenching of g-factors remains an open question to date.



CONCLUDING REMARKS

• DD-PCX relativistic density dependent point coupling interaction
Ø the first EDF constrained by nuclear ground state properties (EB,rc,Δn,p)  and 

collective excitation properties (dipole polarizability and the ISGMR excitation energy 
in 208Pb)

• DDPC-CREX, DDPC-PREX, DDPC-REX functionals established using the weak form 
factors from parity violating electron scattering. 
Ø The CREX and PREX-II experiments could not provide consistent constraints on the 

isovector sector of the EDF.

• The synergy of the EDF theory with the experiments on dipole transitions (E1,M1) 
open perspectives to improve the EDFs 
Ø E1: isovector properties – neutron-rich nuclei, neutron-skin thickness, symmetry 

energy of the EOS 
Ø M1: spin-orbit splittings, constraints on the g factors, residual interactions
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