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Motivation

Nuclear Landscape

stable nuclei

lsosl:)in asgmmetric nuclear matter is Present N:

«.—— terra incognita

protons

Nuclei, especia”g those far awalg from the e
stabilitg line & in astrophgsica systems

(neutron stars) i -

A we”~groundecl unclerstanding of the Properties of isosl:)imrich
nuclear matter is necessary for both nuclear Phgsics & astrophgsics

However, some of these Properties are not
well constrained. In Particular the densit

dependence of the sgmmetrg energy s sti

an important source or uncertainties.




Some Properties omc asgmmetric nuciear matter can be obtainecl From:

e analysis ot experimental data in
th l%' FP' tal data i
cavy ion collisions
(e.g., ID, GMR)

the analgsis of existing correlations .
between different quantities in bulk ; [ .
matter & finite nuclei % 0z | |
(e.g. OR versus L) £ -«
PREX experiment @ JLAB A

-50 0 50 100 150 200 250
derivative of neutron EOS

A major etort is being carried out to studg
exPerimentang the Properties of asymmetric nuclear

. ‘ systems. Experiments at CSR , GSI (FAIR), RIKEN,
GANIL, FRID can Probe the behavior of the symmetry
\_j energy close and above saturation cjensitg.

Astro hgsical observations of compac’c obiects
=> window into nuclear matter at extreme isospin asgmmetries



In this work ...

¢ We study the clensitg depenclence of the sgmmetrg
energy wit%in the BHF aPProximation and compare
our results with the ones obtained with several
effective models (Skgrme & RMF).

We analgze cligerent correlations between the
slope ancl curvature Parame‘cers 01C the sgmmetrg
energy and several Phgsical quantities.

We pay special attention to the correlations of
these two Parameters with the crust-core transition
censitg in neutron stars and the neutron skin
thickness.

Phys. Rev. C 80, 045806 (2009)



E‘quation of State of Asgmmetric Matter

Assuming charge sgmmetrg for nuclear Forces, the energy per
article of asgmmetric matter can be exgandecl on the isosPin
asymmetry parameter B=(N-Z)/(N+Z)= (pn~pP>/(pn+pP>
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Eouu(p) itis commonlg expanclecl around saturation clensitg Po
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— BHF
—— Taylor expansion
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E gy (0) = Eq + &(m) + %(M) +0(4)
2\ 3p, 6 Po
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E,=Eg,, (p=p,) =-16 MeV

Energy per particle E/A(p) [MeV]

J’E
K, = 9p§%(p) ~200 + 300 MeV
p =FPo
3&3ESNM(/o)}0 ! . 152 01T 0 01 02 03 04
QO = 27pOT ~ =500+ 300 MeV x=(p—p“)/3p“
P=Po

Similarlg the behavior of the symmetr energg S, (p) around pycan be also
characterized in terms of a few bul parameters
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— BHF
—— Taylor expansion

Sz(p)=Esym+L(p_pO)+Ksym (p_po) + stm(p_po) +O(4)
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Combining the expansions of E.,(p) and S,(p) one arrives at

E KB (p-pB) 0B (p-ps(B)
—(p, =E0
e e R

) +04)

sym

Where Po(B) = p, - 3P, Kifa’z +0(4) EPB)=E,+E_ B +0(4)
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Brueckner-Hartree-Fock aPProach of ANM

. Bethe-Goldstone Equa‘cion
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€ Single Particle energy & single Particle Potential
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Bulk parameters of E.u(P) & S, (p)

Model Po Eo Ko Qo Eoym L Kogn | Qugm Ko Y
BHF (3BFa) | 0.187 | -15.25 | 1955 | -280.9 | 743 66.5 313 | -112.8 4.7 0.65
BHF (3BFb) 0176 | -14.62 | 185.9 -2249 3% 6 66.9 254 | -162.8 -343 .8 0.66
BHF (2BF) 0240 | 1730 | 213.6 ~225.1 55.8 63.1 -27.8 | ~159.8 -%%9.6 0.59

SLy4 0159 | -15.97 | 2298 | 3629 | =18 453 | -19.8 | 5208 | -3204 047

SLy230a 0160 | -15.98 | 2299 | -364.2 31.8 439 -984 | 6028 -292.7 0.46
Sk14 0.162 | -16.15 | 2503 | -3%5.7 | 296 | 59.9 | 454 | 55838 -322.5 0.67
NL3 0148 | -1624 | 2716 | 2031 37 4 n85 | 1009 | 1812 -698 4 1.05
T™I 0.145 | 1632 | 2810 | -285.2 %6.8 110.8 %% 6 ~66.4 -518.7 1.00
FSU 0.148 | -1630 | 250.0 | -523.4 32.6 60.5 -51.3 Sl -276.6 0.62
W 0153 | -16.25 | 2401 | 5401 | 327 553 | 247 | 5%5.2 332 1 0.56
QMC 0150 | -1570 | 2910 | 3875 | 337 935 | -100 | 280 | 4464 0.92

. . . Y
HIC at lntermedlate energies S,(0)=E. ﬁ) — e L /
is consistent with "\ o, 3E,,




ngmetrg E:nergg versus L Recent extracted values of L

This work
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Symmetry energy S.(p) [MeV]

100

80

60

40

20

0

Densitg cleloencience of the
ngmetrg E‘nergg

[ [ I I I
BHF 2
SLy230a
- SLy4

: s
- Skl4 P

’ 7

™ p -
™I .
NL3 ¥ .
FSU " L

0 0.

05 0.1 015 0.2. 0225 03
Density p [fm ']

0

0.05 0.1 0.15 0.2 0.25 0.
Density p [fm ']

§

300

250



Correlations of Kaym & Ko with L

300 Ll ] T L] I T, T T T I 1: T T
_ © BHF D |
®  Skyrme S=———>
200 4 NLwwm l D
— - v DDH ! .
> 100 * QMmc E -
§ | — Lincgr fit ;
100 .
=200 -
| 1 1 1 | 1i 1 1 1 | li 1
-3005 50 100 150
L [MeV]

Good agreement of BHF results with correlations predicted
bg effective models. BHF results located inside the region
delimited bg exPerimental constraints.




Neutron Stars & ngmetrg; E‘nergg:
Crust-Core transition ensitg
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(Picture from Nicolas Chamel)

The crust o1C a neutron star is very important
fora number of observable Properties :

v'thermal evolution
v glitches
v X-~ray burst

2

Itis very imPortant to understand well the
crust-core transition region

Which constraints are set bg the isosEin
clepenclence of the nuclearEoS on the
transition clensitg ?

How sensitive it is to the ngmetry Energg ?



In this work, we have estimated the crust-core transition clensitg from
the crossing of the |3~ec]uilibrium EoS and the tlﬁermodgnamical
sPinoclal instabi[itg line
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Crust-Core transition clensitg: Thomas-Fermi
calculation of Pasta Phase versus SPinoclal
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Results courtesy of Sidney Avacini

Predictions for p, from thermoc(:l:]gnamical SPinodal ~15% larger than TF
2 our estimation of p, will define an upper bound of the real p..




Crust-Core transition clensitg & 53mmetr9
E‘nergg Derivatives
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Our estimation of the crust-core transition is in reasonable
agreement with calculations of other authors

o Densitg Pressure
Jdicuiation
(Fm) (MeV fm)
Link et al. (1999) ~0.075 0.25t0 0.65
Xu et al. 2009) 0.04 to 0.65 0.01t0 0.26
RMF
thermoclgnamical 0.065 to 0.079 0.26 to 0.39
spinoclal
RMF ‘?19”3”;'@! 0.057 t0 0.072 0.26 to 0.38
SPlﬂO a
This work 0.06% to 0.08% 0.24 to 0.51




Neutron Skin Thickness & ngmetrg E‘ﬂergg

Density p Fm2)
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T Pel & Brown showed that 8R
cglculatecl in mean field models
IS very sensitive to the slope of
the sgmmetrg energy.

Neutron skin thickness
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A fully self-consistent finite nuclei calculation based on the BHF a Proach IS
too di ’cult) ther@core) ?o”owinga suggestion bg Steiner et al. (Phgs. Rep. 411,
325 (2005)), we have estimated 8K to lowest order in the diffuseness
corrections
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Correlation of the Neutron Skin Thickness 8R

with L & K, ,
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The linear increase of 8R with L & Kaym is not surprising since

SR is determined bﬂ the pressure which Pushes neutrons out.

Large pressure = Large neutron radius & Large OR
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Neutron Skin Thickness & The Crust-Core
Transition Densitg

(v I

Neutron Star Heavg nucleus

Inverse correlation between 8R and p,
(Horowiz & Piekarewicz)
\
an accurate measurement of neutron
skin in neutron rich nuclei can l:)rovicle
considerable & valuable information on
the crust-core transition clensitg.

(PREX exeriment @ JLAB)

o

Neutron Star Crust & Neutron Skin are
made out of neutron rich matter at similar

7

densities

Both are governecl ]Dg FoS at subnuclear
densities in Particular bg S,(p) & its
derivatives
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Summarg & Conclusions

We have studied the densitg dependence of the sgmmetrg
energy within the BHF aPProximation and comPared our results
with the ones obtained with several effective models (Skgrme &

RMF). We have found 1=665 MeV compatible with recent
experimental constraints.

. We have studied different correlations between the sloPe | and
curvature K_, of the symmetry ener, and several Ph sical

uantities such as K, OR & py. Very good agreement is Founc? with
the correlations alreadg Predicte& or efective models.

< Using the experimental constraint on L we have estimated a

,

crust-core transition clensitg between 0.06% and 0.08% fm>.

¢ BHF results confirm that there is an inverse correlation
between R and p; = an accurate measurement of neutron radius
n heavg nuclei can Provicle considerable & valuable information
on the crust-core transition Clensitg.






