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Motivation: Nuclear Chart
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Thesis works

e Nuclear symmetry energy probed by neutron skin thickness of
nuclei. Phys. Rev. Lett. 102 (2009) 122502.

e Neutron skin thickness in droplet model with surface width
dependence: indications of softness of the nuclear symmetry
energy. Phys. Rev. C 80 (2009) 024316.

e Impact of the symmetry energy on the outer crust of
non-accreting neutron stars. Phys. Rev. C 78 (2008) 025807.

e Relativistic Mean Field interaction with density dependent
meson-nucleon vertices: DD-MEo.

e Analysis of bulk and surface contributions in the neutron skin of
nuclei. Accepted in Phys. Rev. C.

¢ Influence of the symmetry energy on the giant monopole
resonance of neutron-rich nuclei. Accepted in J. Phys. G.

e Theoretical study of elastic electron scattering off stable and
exotic nuclei Phys. Rev. C 78 (2008) 044332.
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Definitions

Energy per particle: e(p, d)

The energy per particle (EoS) in
asymmetric nuclear matter (infinite 2 eutron matter
system) of total density p = pn + pp &(p,5)
and asymmetry § = % canbe | 3T 6o |
written as, 2
o O Saturation T
e(p, 5) = e(P: 0= 0)+Csym(p)52+... (0.16fm™, 160 MeV)
-10+ m
e(p,5-0) *
Where, symmetric matter
'200 O,IOS Ol,l gIlS 0:2 0,25
~10%¢(p,9) p (fm”)
Coym(p) = 2 952 |6=0




Symmetry energy and the neutron skin thickness of nuclei
neutron skin thickness with surface width dependence
and the outer crust of a neutron star

Symmetry energy in Nuclear Models
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Symmetry energy around the saturation density

Bulk parameters

The symmetry energy is usually characterized in the literature
by the parameters of a Taylor expansion around the saturation
density pg,

acs fm(p) 1 020\\'11\(/))
Cym(p) &~ Cym(po) + )ap loo (P = po) + 2 02 oo (P — P0)7
1
~ J — Lé aF Emymez
where € = po—p
Po

With any nuclear interaction one can calculate J, L and K, J
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The symmetry energy of a finite nucleus

The semi-empirical mass formula for the binding energy

It is based on the fact that the baryon density and the binding
energy per nucleon are, approximately, the same for all nuclei.
In its simplest form,

B(N,Z) = a,A— aA/® — a. Zr; — aym M2

The symmetry energy of a finite nucleus in the Droplet Model

_J
14+ 26A13

asym(A) =
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The neutron skin thickness of a nucleus

AR = (12)1/2 = (r,?)1/2

Neutron skin thickness in the Droplet Model

3 ez 2 5 5
ARnp = 5(t70J+5Fr(b” bp))
,_ 8, JI-gHAT

2015 9 A1/3

_ 2n., 13 (;_CZ p1/3
= 57 (Y= am(A) A (1- Z5A

It is usually assumed that b, ~ bp ~ 1 fm
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Csym(p) Versus aym(A)

Universal relation in mean-field models
Coym(0.1fm™2) = ay,(A = 208)

= 208 = 116 = 40
Model J Asym P Asym P Asym p

NL3 374 258 0.103 242 0.096 211 0.083
NL-SH 361 26.0 0.105 246  0.099 213 0.086
FSUGold 326 254  0.099 242 0.092 219 0.078
TF 326 242  0.094 229  0.086 203 0.071
Sly4 320 253  0.100 242 0.093 220  0.079
SkX 311 257  0.103 248  0.096 228  0.084
SkM* 30.0 232  0.101 220  0.094 19.9  0.079
slil 282 241  0.093 234  0.088 218 0.078
SGll 268 216 0.104 20.7  0.098 189  0.084

Csym(PA) = asym(A)
pa = po — po/(1 + 0.282A1/3) for 40 < A < 238
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The neutron skin thickness and cym(p)

summetry properties of the EoS and the ARpp

o Csym(pA) = asym(A)
° Csym(p) =J—Le+ %’(sym62

v

ARpp, and the EoS parameters

pm 0y (1 Sl e) cAl/3 </ - C12A‘1/3>

S 2J 2L 12J

A\

J is well determined by the experiment (=~ 31.6 MeV) as
compared with L and Kgyp,.
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Experiment: Antiprotonic atoms
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Empirical indications at p < pg: Csym = J (p—’;
We find L = 75 + 25 MeV
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Surface width contribution to the neutron skin
thickness

@ Our prediction for L points towards a relatively soft
symmetry energy

@ Mean Field models predict different surface widths for the
proton and neutron density profiles and, therefore, a
surface contribution to the neutron skin thickness of nuclei
may be important.
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Droplet model with surface width correction
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Density content of the symmetry energy
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With pg = 0.16 fm—23, 28 < J < 35 MeV (suggested by MF
models) and —0.05 < p < 0.07 fm we found
30 < L < 80 MeV
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Comparison with other L predictions

thiswork
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The compatible range for L range from 45 to 75 MeV
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Introduction
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Formalism

Total energy per nucleon
e(A’ Z’ p = pn+ Pp) = eN(AvZ) + e/at(Aa Zv p) + eel(/))

The different contributions

en(A, Z) = M22)
elat(Aa Z’ P) = 7C’atk%32pp
where Ci;; = 0.00341 and
pr = (372p)'/2 = pf, (A/Z)'/3 (Ney = 2)

4
me/

€el(p) = 525 (XrYF(XE + YE) — In(XF + ¥F))

E
where xr = pr, and yr = 72 = /1 + X2
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Results: Composition of the outer crust
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ARp, and the outer crust

ARN3(2%8Pb) = 0.28 fm and ARL3V604(208Pb) = 0.20 fm

The larger the neutron skin of 2°Pb, the more
exotic the composition of the outer crust
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Relativistic Mean Field interaction
with Density Dependent Meson-Nucleon
ertices: DD-MEJ
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Relativistic Mean Field Models

Standard Relativistic Mean Field Models

e Interaction: o, w and p mesons (and the )

e Usually fitted to finite nuclei properties (binding energies, charge
radii, etc.) and to some properties of the EoS at saturation (E/A,

po, Ko, etc.)
e The coupling constants do not depend on the density.

DDME§

e Interaction: o, w, p and 6 mesons (and the )

e Fitted to a microscopic EoS obtained from ab initio calculations
based on a bare nucleon-nucleon potential and, in addition, to
finite nuclei properties (binding energies and charge radii).

e The coupling constants depend on the density.




Lagrangian

ﬁim‘ =

U (i7,0" — M)W

% > (ouvidre; — mpof)

i=0,0

1 1 e (i o (N Al
— LFQEOR _ o Agwm)

J=w,py
UI, (W, W)W, + UTs(V, W) TWds
— U, (U, W)y, WAL — T, (U, W)y, 7w AP
,eq;@%q;,q(v)u
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Density dependence of the meson-nucleon vertices

Fi(p) = Gilpo)(x = £)

_ A 14b(x+d)? <
(x) = arigieray g
(Same density —

dependence for o and w) =
' E.N.E. van Dalen et al.

M ©  Eur. Phys. J. A 31, 29-42 (2007)
rp(ﬂ):gp(PO)eiap(Xq) Y S ¥ R X — T —
[5(p) = 9p(po) < p (fm”)

x €7@ 4 by(x — 1))




Results: EoS
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Results: Binding energies
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DD-MES

Results: Charge Radii
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Results: Neutron Skins

L (fm)

AR

0,2

0,1
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PRL87 (2001) 082501
DD-ME2 L=51MeV
DDMES L=49 MeV




DD-MES

Energy density functional

Achievements of DDMEJ
e Reproduce the EoS of ab initio calculations up to 2pg.

e Reproduce the binding energies and charge radii of
spherical nuclei with the same level of accuracy than other
RMF models.

But this is a first step... |

e Reduce the free parameters to 4 (9, 9., g, and m,)

¢ Achieve the same level of accuracy than standard RMF
models in describing finite nuclei properties.

e Reproduce the EoS of ab initio calculations at higher
densities.
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Csym(PA) = asym(A)

L =754 25 MeV (without surface contributions to ARyp)

L = 55 4 25 MeV (with surface contributions to ARpp)
Compatible range for predictions coming form different
observables point towards a soft symetry energy
L=60+15MeV

Mean Field models and the analyzed experiment on
antiprotonic atoms indicate the importance of the of the
surface correction to the neutron skin thickness of nuclei.
The stiffer the symmetry energy the more exotic the
composition of the outer crust and the larger the neutron
skin of medium and heavy elements.

With the RMF model DDME?J it is possible to reproduce the
microscopic EoS obtained from ab initio calculations based
on a bare nucleon-nucleon potential and to describe at the
same time basic properties of finite nuclei.
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