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Nuclear Equation of State (EoS)

Energy per nucleon (e) as a function of

the total density p=pn+ppr and the
relative difference 6=(pn-pp)/p for

unpolarized uniform matter at T=0 (for

connection to properties of finite nuclei in normal
conditions) assuming isospin symmetry
(even powers of 8). For 6 = O:
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Nuclear Equation of State (EoS)

Unpolarized, uniform nuclear matter at T=0 assuming isospin symmetry

expand e(p,0) and S(p)

e(p 5) = e(p 0) + Sg(p)(52 It Is customary to also
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EoS from current nuclear models

Micorscopic and phenomenological models constrainted by different
data display similar discrepances on the EoS

Many-body methods have
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Summary: nuclear models performance

with qualitative indication of accuracy needed to describe experiment
(note that absolute values might be subject to systematics)

Po € [0.154,0.159] fm—3 - relative accuracy 2%
- needed to describe experiment (Rch) =0.1%
- e €[15.6,16.2] MeV- relative accuracy 4%
- needed to describe experiment (B) =0.0001%
Ko € [220,260] MeV- relative accuracy 17%
- needed to describe experiment (Ex®MR) =7%
- ] € [30,35] MeV - relative accuracy 15%
- needed to describe experiment (a) =15%
L €[20,120] MeV - relative accuracy 150%

- needed to describe experiment (a) =50%

- ... L-Neutron pressure!
E Progress in Particle and Nuclear Physics

Volume 101, July 2018, Pages 96-176



How one can connect finite nuclear

properties with the EoS:

Example: Neutron skin thickness (Armp=rn-rp) is a good proxy to L

B. Alex Brown Phys. Rev. Lett. 85, 5296 (2000)

Arnp in @ heavy neutron rich nucleus is related to the neutron pressure
(6=1) around po (L).
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How to measure Arnp? (just two examples)

Parity violating and parity conserving elastic electron scattering

Polarized electron-Nucleus scattering: Isospin symmetry -
— In good approximation, the weak interaction Arch= rch(®*4*Ni)-rcn(3*Fe)= Arnp(**Fe)
probes the neutron distribution in nuclei while ——r —
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Phys. Rev. Lett. 127, 182503 — Published 29 October 2021



Other Observables?

Dipole polarizability, ) and Arnp

The electric dipole polarizability measures the tendency of the nuclear
charge distribution to be distorted by an external electric field.

From a macroscopic point of view a ~ (electric dipole moment)/(Eexternal)
— For guidance, using the dielectric —

theorem, the polarizability can be g 10;- . Rl 3
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between the EoS parameters J and L




Dipole polarizability, J and L

Determination of the J vs L relation from experimental data

according to EDFs
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Assuming Taylor expansion around po:

po — (p)

\ \

S((p)) = J — L 3

s+

one can qualitatively understand the result!!

X. Roca-Maza, M. Brenna, G. Cold, M. Centelles, X. Vifias, B. K. Agrawal, M. Paar, D. Vretenar, and J. Piekarewicz

Phys. Rev. C 88, 024316 — Published 20 August 2013

¥. Roca-Maza, X. Vinas, M. Centelles, B. K. Agrawal, G. Colo, M. Paar, J. Piekarewicz, and D. Vretenar

Phys. Rev. C 92, 064304 — Published 8 December 2015

S((p) ~ 0.08 fm *) ~ 25 MeV



How models perform for A: (sensitive to Ar.)

and . (sensitive to ) and Arnp) in 48Ca and 2°8Pbh?
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Fermi or Isobaric Analog

Resonance and Arnp

- energy weighted sum rule:
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Isobaric Analog State,

ISB and Arnp

Isospin
symmetry

breaking (ISB)
missing effects:

1) Nuclear
strong int.
2) Coulomb
corrections

Dipole polar.
, Elastic p scatt.

| T R TR S N TN N TN SN [N SR TN S SN S T 1
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The larger the Arnp, the larger the ISB contributions to IAS in 2°8Pb

X. Roca-Maza, G. Colo, and H. Sagawa
Phys. Rev. Lett. 120, 202501 — Published 18 May 2018




Spin Dipole Resonance and Arnp

Difficult to measure

Rgp

E (MeV)

- °Zr exp and theo sum rules in agreement. f
From exp. sum rule: Ar,, = 0.07 £0.04 fm
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Conclusions

Different ways to investigate properties of the symmetry energy
(p<po) using different observables provide different answers.

Theory:

- An effort to understand the parity violating asymmetry and the beam normal spin asymmetry in 2°2Pb is
needed.

- An effort to better understand the systematics on the dipole polarizability is needed (e.g. along the Sn
isotopic chain).

- An effort to better understand Isospin Symmetry Breaking in nuclei in connection to the experimental
knowledge of the IAS could provide robust insights into the symmerty energy

- Study of charge-exchange resonances that naturally isolate differences between protons and neutrons could
be useful to propose new experiments sensitive to the symmetry energy.

Experiment:

- An effort to improve the accuracy in the parity violating asymmetry in 2°2Pb (and/or measure
other Q values) and confirm the measured values for the beam normal spin asymmetry is needed.

- An effort to measure the dipole polarizability in neutron-rich Sn isotopes (N>74) will help
understanding structure effects as well as provide information on the symmetry energy.

- Measure charge-exchange resonances like Spin-Dipole Resonance / Isovector Monopole / ... ?
(any medium/heavy nucleus)
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QCD-Based Charge Symmetry Breaking

Interaction

QCD-based charge symmetry breaking interaction and the
Okamoto-Nolen-Schiffer anomaly

Hiroyuki Sagawa (f&£)1|3AZE), Tomoya Naito (&S ), Xavier Roca-Maza, and Tetsuo Hatsuda (f]lHE E)
Phys. Rev. C 109, LO11302 — Published 25 January 2024

51 (MeV fm”)

2 (MeV fm”®)

Class  Method or Name 50 (MeV fm?)
Pheno SAMi-ISB —52.6x14
Pheno  SLy4-ISB (leading order) —224+44
Pheno  SkM*-ISB (leading order) —224+5.6
Pheno  SVr-ISB (leading order) —296£7.6
Pheno SVt-ISB (next-leading order) +44 + 8
Estimation by isovector density  —17.6 & 32.0
AFEior (N*LOco (394) & CC) —4246.5
AFEio: (N*LOco (450) & CC) —5.14+£28.5
AFE (AV18-UX & GFMC) —6.413 £0.173
QCD sum rule (Case I) —15.57%5,
QCD sum rule (Case II) —15.57%,

- Estimated

- from IAS or
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