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What can we learn from the Earth and the
Heavens about the Nuclear Equation of State?

(some examples)




From Heaven: Neutron Star Mass

Nuclear models that account for different nuclear properties on Earth
predict a large variety of Neutron Star Mass-Radius relations =

Tolman-Oppenheimer-Volkoff
equation (sph. sym.):

Observation of a 2Msun has constrained nuclear models.
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A two-solar-mass neutron star measured using Shapiro delay - P. B. Demorest, T. Pennucci, S.
M. Ransom, M. S. E. Roberts & J. W. T. Hessels - Nature volume 467, 1081-1083(2010)



From Heaven: outer crust composition

span 7 orders of magnitude in denisty (from
ionization ~ 10% g cm to the neutron drip
~10!1 g cm)

it is organized into a Coulomb lattice of
neutron-rich nuclei (ions) embedded in a
relativistic uniform electron gas

T~10° K~ 0.1 keV — one can treat nuclei and
electronsat T =0 K

At the lowest densities, the electronic
contribution is negligible so the Coulomb lattice

1s populated by °© Fe nuclei.

As the density increases, the electronic
contribution becomes important, it is
energetically advantageous to lower its electron
fracionbye™ + (N, Z) = (N+1,Z—1)+ ve
and therefore Z | with constant (approx) number
of N

As the density continues to increase, penalty
energy from the symmetry energy due to the
neutron excess changes the composition to a dif
ferent N —plateau
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The Coulomb lattice is made of more and more
neutron-rich nuclei until the critical neutron-drip
density is reached {Hdrip = mn).

M(N,Z)+mp < M(N+1,2Z)]
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The faster the symmetry energy

increases with density (L 1), the
more exotic the composition of

the outer crust. -



From Heaven: Origin of elements

The crust of a NS is made of very
exotic neutron rich nuclei,

0 - stable only due to the extreme
- Eﬂ“!d °f conditions (large densities).
14 Jddéﬂddddd Different nuclear models
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From Heaven: Gravitational wave signal

from a binary neutron star merger
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Neutron Skins and Neutron Stars in the Multimessenger Era
F.J. Fattoyev, J. Piekarewicz, and C.J. Horowitz Phys. Rev. Lett. 120, 172702 (2018)




From Heaven & Earth: neutron skin and

the Radius of a Neutron Star

Both, the neutron skin thickness (Arnp=rn-rp) in neutron rich nuclei and the
radius of a neutron star are related to the neutron pressure in infinite
matter. The former around po (L) while the latter in a broad range of densities.
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From Earth: Giant Monopole Resonance

do we understand it?
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From Earth: Parity violating electron

scattering and the neutron skin

Polarized electron-Nucleus scattering:

- In good approximation, the weak interaction probes the neutron distribution
in nuclei while Coulomb interaction probes the proton distribution

- Different experimental efforts @ Jlab (USA) & MAMI (Germany)
- Electrons interact by exchanging ay

o ;ﬁ" —— Linear Fit. r = 0.995 (couples to p) or a Zo boson (couples to n)
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Neutron Skin of 208Pb, Nuclear Symmetry Energy, and the Parity Radius Experiment
X. Roca-Maza, M. Centelles, X. Vifias, and M. Warda Phys. Rev. Lett. 106, 252501 (2011)



From Earth: dipole polarizability and

neutron skin

The dipole polarizability measures the tendency of the nuclear charge
distribution to be distorted.

From a macroscopic point of view a ~ (electric dipole moment)/(external
electric field)

_ T Tt 11 - Usingthe dielectric theorem:
< 10F : 12_8.%97 1 the polarizability can be computed
qg L » NLA3 1 from the expectation value of the

> 9F o DD-ME {1 Hamiltonian in,the constrained
L - A Skyrme 1 ground state H'=H+AD
= of ] . .
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Electric dipole polarizability in 208Pb: Insights from the droplet model - X. Roca-Maza, M.
Brenna, G. Colo, M. Centelles, X. Vifias, B. K. Agrawal, N. Paar, D. Vretenar, and J. Piekarewicz

Phys. Rev. C 88, 024316 (2013)




From Earth: Apv (JLab) versus a» (RCNP)
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From Earth: Apv (JLab) versus a» (RCNP)
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From Earth: Apv (JLab) versus a» (RCNP)
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From Heaven & Earth: low energy dipole

response and nucleosynthesis

Radliative neutron captures by neutron-rich nuclei and the r-process nucleosynthesis

The largest the neutron pressure among Goriely, Phys.Lett.B 436 (1698) 10-18

neutrons (~L), the more the excess 10" o |
neutrons (~skin) are “pushed out” in
the outermost part of the nucleus - 10°
spatial decorrelation of some of those % 10"
neutrons with the nucleons in the core § i
produces larger low lying responses. _f,%m ]
5
GDR=Giant Dipole Resonance é o
PDR= Pygmy Dipole Resonance w2 107
" SKiN of3e core 107 &
10°° s v
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Low energy dipole strength in
neutron-rich nuclei influences the
neutron capture cross section
5 0. 25 20 5 and, thus, the r-process
Excitation Energy (MeV) .
nucleosynthesis

(nature of PDR still under debate)




From Earth: Isobaric Analog State and
the breaking of isospin symmetry

.
Z || N Z || N |
H=-T-|;Vn .H=T+Vn+Vc.
E;As =0 E s ~Ec(Z+1)-Ec(2)
e Analog state can be defined: |A) = (0\E‘T0_>IO)

e Displacement energy or Ejag

=Ep—Eo= _ _ OITGT 0 _ ™
Eias = Ea — Eo = (AHIA) — (0IHI0) = S5t +76, ~ = _—

Eras # 0 only due to Isospin Symmtry Breaking terms H

E|xs usually accuratelly measured !

s




From Earth: Isobaric Analog State and

the breaking of isospin symmetry

- Coulomb direct contribution: a simple model
e Assuming indepentent particle model and good isospin for |0)
((O]TLT_|0) = 2To = N — Z)

Eias &~ Efpdirect = 1 [ o, (F) — pp (F)] UZEEt () dT
where Udirect(y) = [ € E— rI Och (T1)dTFT

. Assummg also a uniform neutron and proton distributions of
radius R,, and R, respectively, and p., =~ p, one can find

C dlI‘E‘Ct ~ O Ze? L 5 N ﬁ”‘np
Eias ® ERs  ~ 3 Rp (1 \V 12 N-Z R, )

-

m One may expect: the larger the Ar,, the smallest Ej5g




From Earth: Isobaric Analog State and
the breaking of isospin symmetry

1#.5
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From Heaven: ISB effects on NS?

(very much speculative)
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From Earth: charge radii difference in

mirror mass nuclei
Isospin symmetry = Arwm:= ra(3*Ni)-ra(3*Fe)= Ar-p(°*Fe)
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From Earth: charge radii difference in

mirror mass nuclei - ISB

— Accurate treatment of
Coulomb (leading ISB in
nuclei).

- No large effects found.

_0-26 I I I I I I I 1
Py IS —e—-- " No ISB
g  —0.28E e —u— CSB only]
—0.40 1 1 1 I I 1 1 | L NS ‘:“:s\* -mim = C|B only
30 40 50 60 70 80 90 100 110 120 X —0.30 - S —e— AllISB T
L (MeV) =5 —032f
A
| 034t
— Nuclear ISB effect may impacton L =« 036k
determination by about 10 MeV 8= s
(SAMi-ISB) -
: - —0.40 '
— Theoretical uncertainties must be ) 30 40 50 60 70 80 90 100 110 120
estimated. Little knowledge about ISB L (MeV)

in the medium Tomoya Naito, Xavier Roca-Maza, Gianluca Colo, Haozhao

Liang, Hiroyuki Sagawa, arXiv:2202.05035




Summary from Progress in Particle and

Nuclear Physics 101 (2018) 96-176

~
o
EoS par. Observable Range Comments %
Po iriyVe 0.154-0.159 Most accurate EDFs on M(N, Z) and S
{r3}'/2 (see Section 5) fr::
ey M(N, Z) —16.2 1o —15.6 Most accurate EDFs on M(N, Z) and L
{r3,)'/? (see Section 5) g
Ko M(N.Z) 220-245 Most accurate EDFs on M(N, Z£) and ;
{r2}'7 (see Section 5) %)
ISGMR 220-260 From EDFs in closed shell nuclei [116] T
ISGMR 250-315 Blaizot's formula [Eq. (32)] [51] n =
ISGMR ~200 EDF describing also open shell nuclei [118] c £
] M(N,Z) 29-35.6 Most accurate EDFs on M(N, Z) and _2 E
{r3,}'/? (see Section 5) o U
IVGDR ~24.1(B) +L/8 From EDF analysis © i, -
—3 — O (28]
[S(p = 0.1fm ) = 24.1(8) MeV] [273] —
PDS 30.2-33.8 From EDF analysis [370] Q . @
PDS 31.0-336 From EDF analysis [371] a ﬂ
ap 24.5(8) 4+ 0.168(7)L From EDF analysis 2®Pb [96] E K o
ap 30-35 From EDF analysis [179] QO — —~
IAS and Ary, 30.2-33.7 From EDF analysis [325] (@) ?-n-'_ B,
AGDR 31.2-354 From EDF analysis [401] = O
PDS, ap, IVGOR, AGDR 32-33 From EDF analysis [S08] v et E:_\l_,
compilation 29.0-32.7 [106] _2 Ui o
compilation 30.7-32.5 [107] o O
compilation 28.5-349 3] 0 = v
L M(N. Z) 2T=ATS Most accurate EDFs on M(N., Z) = g >
(r3,}'/? (see Section 5) - .
Pr 40-110 proton-""8Pb scattering [24] Q [_'_ o,
Pu 0-60 m photoproduction (**¥Pb) [181] o T >
O 30-80 antiprotonic at. (EDF analysis) [102,509] gl . ’E
Puenk =20 Parity violating scatrering [27] © E -
PDS 32-54 From EDF analysis [370] Q é -
PDS 49.1-80.5 From EDF analysis [371] E o
ap 20-66 From EDF analysis [179] - "
IVGOR and ISGQR 19-55 From EDF analysis [101] (o] . bh
IAS and Ary, 35-75 From EDF analysis [325] (V)] @ r:u
AGDR 75.2-122.4 From EDF analysis [401] - ﬁ
PDS, ap, IVGQR, AGDR 45.2-54.6 From EDF analysis [508] 8 :
compilation 40.5-61.9 [106] =
compilation 42.4-75.4 [107] SI=
compilation 30.6-86.8 3]

Han, Phys. Lett. B 727 (1) (2013) 276-281.

140

Bao-An Li,



Summary

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 € [200,260] MeV- relative accuracy 25%
- needed to describe experiment (Ex®MR) =7%
- ] € [30,35] MeV - relative accuracy (a) 15%
- needed to describe experiment =15%
-» L €[20,120] MeV - relative accuracy (a) 150%
- needed to describe experiment =50%

q L
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