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Neutron skin thickness and equation of state in asymmetric nuclear matter
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The neutron skin thickness of stable and unstable nuclei is studied in Skyrme Hartre€SFtekand
relativistic mean fieldRMF) models to investigate the relation between the pressure and the equation of state
in neutron matter. We found a clear linear correlation between the neutron skin thickness in heaviffimlei
and2%8pph and the pressure of neutron matter in both SHF and RMF models, while the correlation is weak in
the unstable nuclet?Mg and *“Ar. Relations between the neutron skin thickness and other nuclear matter
properties such as the symmetry energy coefficients and the nuclear incompressibility are discussed.
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I. INTRODUCTION the pressure of the equation of stéEDS), which is an es-

Th i d tron densitv distributi ential ingredient for the calculation of the properties of neu-
€ proton and neutron density distributions are some Ozron starg[7]. It was pointed out that the neutron skin thick-

the most fundamental observables of nuclei. Charge radii o 085 § - -
nuclei are derived from charge density distributions which ess of*Ph is strongly correlated with the pressgee first

be determined t high . . " “derivative of EOS at neutron densitg,=0.1 fm 3 in the
can be determined o a high accuracy in experiments USIngkyrme Hartree-FockSHF) model[8] and in the relativistic

*hodels[9]. The neutron skin thickness if*®Pb was dis-
cussed also in the context of effective field theory in Ref.
10]. A similar pressure-EOS correlation was found also in

periments[1]. The empirical information of proton radii is
then obtained from these charge radii. In contrast, it is muc
motrr(iebdtlimﬁu't ;fon aclc?rgtelyn det)((armrlir:: :t]el n(rautronsd(\a/nsn 1388a and'3%Sn. In this paper, we study the neutron skin
stributions of nuclel by any experimental p offf. Sev- thickness of stable nuclei, and of several unstable nuclei by
eral attempts have been made to determine the neutron deLr}-

v distributi b . X teri dint " se of SHF and relativistic mean fie(®@MF) models. The
sity distributions by using proton scatlering and INteraction,; , ¢ yjg paper is twofold. First, we extend the study of the

cross sections in heavy ion collisions at .relativisti_c energie%orrelations between the neutron skin thickness and the pres-
[3]. So far, the accuracy of neutron radii determinations ISSure of EOS to some light unstable nuclei, which can be

poor cpmpared to that of proton radii. However, a promismgaccessed in radioactive ion beam experiments. Second, we

rcé’tudy the relations between the neutron skin thickness and

E?;Szee% 222?% ts(z:;tleezriii;]e the parity violation effect in PO%ther nuclear matter properties such as the volume and sur-

X . . face symmetry energy coefficients and the nuclear incom-
Nuclei for which the neutron numbét is larger than the y y 9y

roton numberZ are expected to hav neutron skin. It pressibility. The mean field models are summarized in Sec.
proton numberZ are expected 10 have a neutron skin. 11Sy, gaqion |11 is devoted to studies of the relation between

thickness depends on the bal_ance between various_ aspectstl% neutron skin thickness and the pressure of the EOS. Re-
the nuclear force. The isospin asymmeiry propert|es_ pf th? tions between the neutron skin thickness and the volume
nuclr;'-zar fo.“f? fav_or e(?]uall proton elnd neutron densities nd surface symmetry energy coefficients are discussed in
each spatial location, that ig,(x,y,2)=pn(X,y,2). However, Sec. IV. A summary is given in Sec. V. Detailed discussions

when N # Z this condition cannot be fulfilled everywhere. L ; ; :
. LT of symmetry energy coefficients are given in the Appendix.
The actual proton and neutron density distributions are de- y y 9y g PP

termined by the balance between the isospin asymmetry and
the Coulomb force. Also for the cade=Z these forces cause Il. MODEL

slight deviations frompy(x,y,2)=py(X,y,2). In mean-field  the SHE model for finite nuclei is implemented with a
calculations, the skin thickness is related to the disparity iyensity-dependent pairing force for BCS calculations. The
the Fermi energies between protons and neutfbr&. This Skyrme forceVs,, is an effective zero-range force with

disparity is the main cause of the difference between th‘?iensity-dependent and momentum-dependent tétdjs
neutron and the proton radii in unstable nuclei. On the other

hand, in stable nuclei where the neutron and the proton Vsiy(T1,72) = to(1 +XgPy) 8(Fy = o) + %tl(l +leg){|2'25
Fermi energies are similar, the neutron skin thickness is cre-

ated by the pressure of the nuclear medium and is much X (Fy = Fp) + O(F1 = F)K2 + to(1 +X,P K - 8

smaller than in unstable nuclei. Accordingly the size of the e g S

neutron skin thickness will give an important constraint on X (P = Fo)K + §ta(1 +X3Pg) p™(1) 81y — o)
+IW(Gy + Gp) K X 8y = o)k, (1)

*FAX: 81-3-3264-9429; Email addressysshi@i.hosei.ac.jp where k=(V,-V,)/(2i) acting on the right anck’ =—(V,
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matrix, andF:%(F1+F2). The interaction1) simulates thes

2

— h 1 2 2 1 1 1 a+t 1 1 af 2 2
H(pnpp) = En(Tn + 1) + ZtO(l =Xo)(pn + pp) +to<1 + EX0>Pn ot o0 (1 + EXs)p - 10 (5 + X3>P (pn+ pp)

1 1 1 1 3
+ é[tl(l —Xq) + 3 (1 +%)J(pp7y + Ppr) + Z[tl(l + §X1> + tz(l + §X2> ] (PnTp + Pan) - 3_2[t1(1 =Xy
9 9 1 1 1 2 2 1 > S
— (1 +%) (P VP + ppv Pp) - 1_6 31+ Exl —f| 1+ EXZ (paV Ppt PpV Pr) = EW(PV “J+paV -3y

L 1 L1 S
+ppV +Jp) + Heou— 1_6(th1 + %) J2 + l_B(tl — ) (32 + J,ZJ) , (2

where pn(p,) is the density of neutrongrotonsg and p=p, body system consisting of nucleons, scataand vectorw,

+pp, While 7,(7,) and J,(J,) are the kinetic energy and the and chargegh mesons, and photorjg2-27,
spin-orbit densities of neutrorn@rotong, respectively. The

neut_ron sl_<in_ thickness of stable a.nd unstgble heavy nucleiis :ﬂiwau— M-g,0-0,7®,~ gpyﬂ;ﬁﬂ
studied within the SHF model using 18 different parameter

sets(SI-SIV, Skya, Skyb, SkM, SkM SGI, SGlI, Ski3, 1-7,
Skl4, MSKA, SLy4, SLyl0, SkX taken from Refs. —eyt 5
[8,12-2(0. The modified form of spin-orbit interaction
was adopted in the case of SkI3, Ski4, SLy10, MSKA, and

Aﬂ) U+ %(&lﬁ”(r— m(ZT(rz) -U(o)

1 1 1 ->- 1> -
SkX. The spin-orbit density terms in ER) are omitted in + Emi“’n‘”” mgFwF Emgbub# = 2Cw G
the HF calculations except for SLy10.
A density-dependent zero-range force is adopted as a pair- _ EH Hav (4)
ing interaction for SHF+BCS calculations, 4

where szaﬂw&—ﬁyww G, =4d,b,-d,b,, H,=dA,
-d,A,, ando,w,, b,, andA, are theo, w, p mesons, and the
electromagnetic field, respectively. The quantitgs g,
where the critical density, is taken to be 0.16 fi¥ and the  andg, are the coupling constants between nucleons @nd
strengthV, is equal to —880 MeV frhfor heavy nuclei and ®, and p mesons, respectively, while?/47=1/137 is the
-400 MeV fn? for light nuclei. The strengtV, is fixed to  fine structure constant. The quantitias,,m,,m,, andM

be either —880 MeV frhor —400 MeV fn? in all Skyrme are the masses af,w, p mesons, and nucleons, respec-
parameter sets, although this value might be determinetively. The quantityU(o) is the nonlinear potential ofr
depending on the level density around the Fermi energymesond 28],

i.e., the effective mass of each Skyrme interactj@n].

We investigatedV,=—-1000 MeV fn? for SLy4 in 13%Ba. U(0) = 30:0° + 10,0%, ©)
The averaged gap energy then increases by 21%, wherea% i ,
the change ins,, is less tharD.6%. Since the main aim of whereg; andg, are parameters of the potential. The Dirac

the present study is the valui, we choose to use a fixed equation for nucleons and the Klein-Gordon equations for
V, value for all Skyrme intepr’actions depending on theMesons are derived by the classical variational principle with

mass of nucleus. In order to avoid divergences of the pairime-réversal symmetry and charge conservation,

ing energy, an energy cutoff parameter is introduced in the

p(Fy)

Pc

Vpair: V?O(l - Pa)<1 - )5(F1 - Fz): (3)

valence single-particle space above the Fermi level to | -ig-V + BM” + g, w(F) + g, 7sh(1) + el _ T3A(r) ()
limit the active pairing space to one major shell. We use 2
the cutoff prescription of the model space in Re#1]. = g4(7) (6)

Next, we summarize the formulation of the RMF model
with nonlinear meson couplings. The following relativistic s 2 3
Lagrangian(density £ is adopted for the interacting many- (= V2 +m)o(F) = = g,ps(F) = g10%(F) — go0°(F),
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(_ V2 + mLZU)w(Ii’) = gwa(f’), 340 T T T T
> 18 ]
24 2 _
(_ Ve+ mp)b(F) - gpp3(|?)a é’ 320 | < 4
- V2A(F) = epy(F), (7 g 19
- , £ 300 | 20 ¢ .
wherea and 3 are defined by = o g
= 7&3 5
0 o I 0 =
&:(a U) and Bz( ) . 280 | 40\%36 ©"10 15 ]
o 0 0 -l = L gom 1f Vs
N
where ¢ is the Pauli matrix and is the 2x 2 unit matrix, g = *22
respectively. The baryon and the scalar densities are denoted 260 & ﬁg ]
by pg and p, respectively, whllq)g pn—pp IS the isovector ol 23
density. The effective madd” is defined byM" =M +g, 0.
The RMF model is applied only to closed-shell nuclei with- 240 e e
out a pairing interaction. Five different parameter $biis1— 0.0 0.1 0-1232 0.3 0.4 0.5
NL3, NLSH, and NLQ taken from Refs[22,29-3] are 8n (7Sn) (fm)
studied. P
FIG. 1. The neutron skin thickness é#°Sn and the binding
ll. EQUATION OF STATE AND PRESSURE FOR energy difference betweet¥?Sn and'°%Sn are plotted for 18 pa-
NEUTRON MATTER rameter sets of the SHF modg@pen circles and open diamonds

and 5 parameter sets of the RMF modilled circles and filled
The pressuré® of neutron matter is defined as the first diamonds. The experimental binding energy difference is shown as
derivative of Hamiltonian density with respect to the neutrona dotted line. The numbers are a shorthand notation for the different

density, interactions: 1 for Sl, 2 for Slll, 3 for SIV, 4 for SVI, 5 for Skya, 6
for SkM, 7 for SkM', 8 for SLy4, 9 for MSKA, 10 for SkI3, 11 for
d ([ H Skl4, 12 for SkX, 13 for NLSH, 14 for NL3, 15 for NLC, 16 for
P:Pna E (8 Sll, 17 for SV, 18 for Skyb, 19 for SGI, 20 for SGllI, 21 for SLy10,
n

22 for NL1, and 23 for NL2.

where H is the Hamiltonian density of neutron matter

H(pn,pp=0). The Thomas-Fermi approximation of the 2 AT S M
Hamiltonian density of the SHF model for infinite nuclear Ps= (27)3 J J (I<2+—I\/I2)1’2
matter is used and the derivative terms and the Coulomb

term are neglected. In the RMF calculations, the staticTherefore the static Hamiltonian density in the nuclear mat-
Hamiltonian density of nuclear matter can be obtained byter becomes

using Egs(6) and(7) [25], y y
F F * gwa
kF k|: Hnm 3[J f :| k2+ M 2)1/2 d3k+
H (2 + M2)Y2 3+ g (2m) 2m?
nm= (271_ JupB

1 1
-5 Cw?+U(0) + = ma'2+gpbp3—§ ’b%, (9)

d*k. (11

+U(0) + m202+5‘ﬂ23. (12)
In SHF calculations, the Hamiltonian density is derived ana-
Iytically, while it is calculated numerically in RMF calcula-
ions.

The neutron skin thickness,, and the binding energies
obtained in the SHF and RMF models are plotted in Figs. 1
'and 2 for'32Sn and2%%Pb, respectively. Spherical symmetry
is assumed for finite nuclei. The neutron skin thickness is
defined as the difference between the root-mean-square neu-
tron and proton radii,

wherekg and kF are the Fermi momenta for neutrons and
protons, respectlvely Furthermore, the baryon densitis
given bypg=2k3 /(3712) using the Thomas-Fermi approxima-
tion. The static Klein-Gordon equations for nuclear matter
become

M20 = = g,ps — 0102 — G20°,

M2 = 9,08, Sp= V(r2n = V(2. (13
In Fig. 1, the horizontal axis is the neutron skin thicknégs
mib: 9,03, (100  of ¥%Sn and the vertical axis is the binding energy differ-

ence betweert®’Sn and°Sn. Both *%Sn and%%Sn are
where the scalar densipy for the nuclear matter is given by doubly closed-shell nuclei lik&%Pb. Open circles and
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FIG. 2. The neutron skin thickness &b and the difference .
between the binding energies ®Pb and!82Pb are plotted for 18 FIG. 3. The neutron equations of_ state are shown for the 12
parameter sets of the SHF modepen circles and open diamonds Parameter sets of the SHF modsolid lineg and 3 parameter sets
and 5 parameter sets of the RMF modfilled circles and filled  Of the RMF model(dashed lineswhich in Figs. 1 and 2 were

diamonds. The experimental binding energy difference is shown asshown to reproduce the differences of experimental binding ener-
a dotted line. See the caption of Fig. 1 for details. gies reasonably well. Filled circles correspond to the variational

calculations using the;4 nucleon-nucleon potential and a phenom-
open diamonds are results with SHF parameter sets, whilenological three-nucleon interaction, while the long-dashed curve
filled circles and filled diamonds are results obtained withcorresponds to the SGII interaction. See the caption of Fig. 1 for
the various RMF parameter sets. Each parameter set itails.
designated by a specific number. The experimental bind-

ltng ent(ajr_g;r/] d|fferetncet|2 shown as a 301355 Ime(:.il'oroge r]eu(':urves, some of which even have negative curvature. Figures
lrorllz_ra '2' ave I?Ofyeéoapien n;?%i%re n ant d r':"h 3 and 4 show that results obtained with the SGII and SkX

n FIg. 2, Tesufts tor and’ are presented. 1N€ 5 ameter sets are almost equivalent to the results of the
open and filled diamonds in Figs. 1 and 2, represent th ariational calculations

eight parameter sets, Wh'Ch do not repgzguce thltgosexperl- Next, we study the relation between the neutron skin

mental binding en%rgy d|ffer1(§nce betwesrSn and™sn thickness of finite nuclei and the pressures of neutron matter
and that betweerfPb and ™®b to a reasonably good t p,=0.1 fm3 and 0.2 fm3. Results for the pressures at

2fuccﬁ;icy. They are therefore omitted in the subsequenpnzo_l fnT® and p,=0.2 fT2 are given in Figs. &) and

. . ..6(a) and Figs. Bb) and &b), respectively. We plot in Figs.
Figure 3 shows the neutron equations of state for our dn‘-5 b) and &b) the results ap,=0.2 fri3 where the different

ferent parameter sets, while the pressure of neutron matterf : . :
oo S . teractions result in a wider range of pressures. The proper-
plotted as a function of neutron density in Fig. 4. In Figs. 3 9 P brop

. ) . ies of nuclear matter at high densities are important for a
and 4 the solid and dotted_ lines show the results with SH'E nified description of neutron stars, from the outer crust
and RMF models, respectively. We present results obtalnea

: own to the dense corf83]. Clear linear correlations are
with *13 SHF parameter se(S|, Slil, SIV, SVI, Skya, SkM, found between the neutron skin thickne$g and the pres-
SkM", SkI3, Skl4, MSKA, SLy4, SkX, SGjland 3 RMF

. sureP of 2%Pb and**?Sn in Figs. 5 and 6, respectively, with
parameter SetL3, NLSH, NLC). A". except the .SG” N the parameter sets of the SHF and RMF models used in Figs.
teraction reproduce well the experimental binding energ

%3 and 4. In general, the RMF pressures are larger than those
H 2 10 (0] . ’
?ggael;egge:hgs\}xv?fh;s: ?ngno(;szn ?Qgpzi:\il\v/(eaﬁ/ﬁ 3\:;: SIT)(tj th egf SHF models, and the RMF models give the larger neutron
. , s S _ >3 ° -
results obtained with SGiflong-dashed curvesn Figs. 3 kin thickness. The results gt=0.1 fm ™ are consistent with

d 4 si the SGII int . ; | ; val he studies of Refs[8,9]. Thus, experimentab,, values
and 4, since the intéraction gives aimost equivalent, ., provide important constraints on the parameters used
results to those of the variational calculations usingidhe

nucleon-nucleon potential together with a phenomenologicaif SHF and RMF models. We fit linear functions to the data
) . . S resented in each figure by the method of least squares and
three-nucleon interactiof82], which is fitted to reproduce g y q

: ) obtain
nucleon-nucleon scattering data and the properties of nuclear

matter. In Figs. 3 and 4 one can see large variations among &,,=1.09x 107'P+7.76x 102 for 2%Pb with
different parameter sets. A general feature is that the RMF
curves exhibit a much larger curvature than do the SHF pn=0.1fm 3 (r=0.9885=7.96x 1073, (14)
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FIG. 4. The pressure of neutron matter as a function of neutron [ 14
densities. The same parameter sets as those of Fig. 3 are used. Tht . 15 .
variational calculations with the;, potential are shown by filled 025 | hd .13 ]
circles. The results of the SHF model are given by the solid lines, 3 10 1
while those of the RMF model are given by the dashed lines. The — [ 5 o
long-dashed curve shows the results of the SGII interaction. See the E ! o 1
caption of Fig. 1 for details. : 0.20 i 11 © ]
é 7?9 Q)9 ’
— 2 1 20 ; % I
5p=1.02x 102P+1.15x 107" for 2%%Pb  with 5 oas| 12°% 1
= I 2 0
pn=0.2 fm 3 (r =0.9865=8.65x 1073), (15) w o ° 20
00| o1 ]
Sp=1.21x10P+1.29x 10"  for ¥%Sn  with [ (b) |
pn=0.1fn3 (r=0.9875=9.20x 103, (16 005 ... ... 0]
-5.0 0.0 5.0 10.0 15.0 20.0

3 .
Sp=1.13X 102P+1.71x 10" for %25n  with P (p,=0.2fm™) (MeV fm™)

p,=0.2 i3 (r=0.9775=1.22% 10—2)’ (17) FIG. 5. The corr_elati_ons between the pressures of neutron matter
and the neutron skin thickness ¥fPb obtained with the same SHF
where 6,, and P are the neutron skin thicknesses in fm andopen circley and RMF(filled circles parameter sets as were used
the pressures in MeV fm, respectively. The quantitiesand  in Fig. 3.(a) The result for pressure a,=0.1 fm3, (b) that atp,,
S are the correlation coefficient and the standard deviatiors0.2 friS. See the caption of Fig. 1 for details.
respectively. These equations show that the coefficients of
the P terms for?%%b are almost equal to those f5¥Sn for
the two neutron matter densitiggs=0.1 and 0.2 fri®. This isospin rule does not hold ffMg. This is because the
We also study the relation between the pressure and theffect of the neutron-proton Fermi energy disparity domi-
neutron skin thickness of several other nuclei, nanMg,  nates the increase in the neutron radii of neutron-rich light
38Ar, 44Ar, 1005n 13885 182k and?l4Pb obtained in SHR-  nuclei while the pressure plays a minor role, although the
BCS calculations. In Fig. 738Ar (filled triangley, %Ba  absolute magnitude of,, is the largest in Fig. 7. It was
(crossesand ?%%Pp (filled circles are stable nuclei, whereas pointed out in Ref[34] that configuration mixing might play
%2Mg (reversed open trianglgs*Ar (open triangles 1*°Sn  an important role in determining the neutron and proton radii
(open diamonds and 2*%Pb (open squargsare neutron-rich  in 32Mg. However, the correlation between the neutron skin
nuclei. The two nucleit®Sn (filled diamond$ and '82Pb  thickness and the pressure might not be changed by configu-
(open circley are neutron deficient. This figure shows, in ration mixing. The linear functions obtained from the fits to
general, that the higher the third component of the nucleathe data in Fig. 7 by the method of least squares behave in a
isospinT,=(N-Z2)/2 is, the steeper the slope of the line is. similar way as those of®®Pb and32sSn:
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[ and the neutron skin thickness 8Mg (reversed open trianglgs
0.35 [ 15 14 1 3Ar (filled triangles, *“Ar (open triangles 1°%Sn (filled dia-
A o mondy, 3%Sn (open diamonds %%Ba (crossey %%Pb (open
= [ ®13 circles, 29%b (filled circles), 214Pb (open squargsor the pressure
£ 0300 ] at p,=0.1 fni3. The parameter sets of SHF model are the same as
= [ 5 99 those of Fig. 3. See the caption of Fig. 1 for details.
[ o)
S 025[ 6 U g ] 5 ,
%m I 75 > V3 Opp=—3.38X 10°P-7.43X 10 for
~ i 1200
s 0.20 - 5 o . 10 3
) i S 20 %Sn(r=-0.1685=6.04x 1073), (21)
[ 4_0
oasL © 1 ]
i (b) 8,p=9.10X 102P +6.88x 1072 for
o0 Lo o v o v
-5.0 0.0 5.0 10.0 15.0 20.0 1384 (r=0.9385=1.03% 10-2), (22)

P(p =0.2fm™) (MeV fm™)

FIG. 6. The correlations between the pressures of neutron matter

Sp=3.81X 102 P~-1.24x 1072 for

and the neutron skin thickness 5Sn obtained by use of the same
SHF (open circles and RMF(filled circles parameter sets as were
used in Fig. 3(a) The result for pressure a=0.1 fm 3, (b) that at

182Ph (r =0.9225=4.86x 109, (23

pn=0.2 3. See the caption of Fig. 1 for details.

Sop=4.85X 107°P +2.44X 107" for

32Mg (r =0.7445=1.33x 1079, (18)
Sap=3.64X 10°P+1.19x 102 for

38Ar (r =0.2475=4.34x 1079), (19
Sp=6.82x 107°P+1.28x 107"  for

4Ar (r=0.79958=1.56x 1072, (20)

Sap=1.32X 107'P +9.88x 1072  for

2¥ph (r=0.981S=7.91x 10°%). (24)

Equations(19) and(21) show that the standard deviatio8s

are larger than gradients of the linear correlations between
the &,, and the pressur® in 3¥Ar and 1°%Sn, so that the5,,
values look almost flat as a function of the presdur&his is

due to the fact that these two nuclei are close to the proton
drip line and a high Coulomb barrier prevents an increase of
onp The correlations are weak in the neutron-rich=4 nu-

clei 2Mg and**Ar in which the large difference between the
proton and neutron Fermi energies is the main reason a siz-
able neutron skin is obtained.
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FIG. 8. The neutron skin thickness 6fPb vs the volume sym- iy of asymmetric nuclear matter. The SHBpen circles and

metry energy coefficient obtained with the same SBigen circles  pwe (filled circleg parameter sets are the same as in Fig. 3. See the
and RMF(filled circles parameter sets as were used in Fig. 3. Seecaption of Fig. 1 for details.

the caption of Fig. 1 for details.
ous SHF and RMF forces. The surface symmetry energy de-
IV. NEUTRON SKIN THICKNESS AND SYMMETRY scribes the surface properties of semi-infinite asymmetric
ENERGY COEFFICIENT nuclear matter. We find that for the SHF model a linear cor-

In this section, we study the correlation between the neul€lation betweens,, and s holds approximately although

tron skin thickness and the volume and surface symmetr§’® Mean square deviation is larger than the case of the vol-
energy coefficients in SHF and RMF models. Figure 8 show&!Me symmetry energy. Detailed formulas of the surface sym-
a correlation between the neutron skin thicknes®®&tb and ~ Melry energies are given in the Appendix.
the volume symme?ry energy cqeﬁiciemgg{m. In Fig. 8, we V. SUMMARY
can see that there is an approximately linear correlation be- ) ) S
tween 8,, and ag,,, although the mean square deviation is We studied relations betwee_n the neutron skin th|(_:knes_s
larger than that of Fig. 5; the correlation is somewhat weakefnd the pressure of the EOS in neutron matter obtained in
than those between th#, and theP values. The correlation 030
betweens,, and as,y, was also discussed in R¢B5] based I ' ' ' '
on the mass formula. In neutron-rich nuclei, the wave func- [ 13
tions of the excess neutrons have small components in 025 | ° i 1
nuclear center. Instead, large components of their wave func- L1 15 ]
tions are located in the outer surface region. This is caused
essentially by the disparity of neutron-proton mean field po-
tentials due to the asymmetry energy. Therefore, we can un-
derstand that the neutron skins of RMF having larger asym-
metry energies are larger than those of SHF. It is also &
interesting to observe that one of the nuclear matter proper- “_ [
ti_es,_namely,asym, has a close connection with the first de- w% i 200 o 1 1
rivative of EOS in neutron matter. I 2 O ]
The incompressibility makes a crucial contribution to the 0.10 | 4%
nuclear matter EOS. We have investigated whether there is
any correlation between the neutron skin thickness and the
incompressibilityK of asymmetric nuclear matter in Fig. 9.
We found that there is essentially no correlation between the
two quantities, as is seen in Fig. 9 where the ratio of neutron
density to proton density for asymmetric nuclear matter is
taken to be the same as the ratio of proton to neutron num- F|G. 10. The neutron skin thickness &%Pb vs the surface
bers of2%%Pb. symmetry energy coefficient of semi-infinite asymmetric nuclear
Finally, we study in Fig. 10 the relation between thg  matter. The SHRopen circley and RMF(filled circles parameter
and the surface symmetry energy coefficiegtfor the vari-  sets are the same as in Fig. 3. See the caption of Fig. 1 for details.
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the neutron skin thickness and the pressure of neutron matter &ym= 169,1C
as given by the EOS is obtained for stable nuclei such as oF
13251 and?%®Pb. On the other hand, the correlations between
the two quantities in unstable nuclei such®aslg and “*Ar

are found to be weaker. We pointed out that, in general, the
pressure derived from the RMF model is much higher than (A4)
that obtained from the SHF model. Also the neutron skinyhereA andB are given by
thickness of both stable and unstable nuclei is much larger in X

the RMF models than in the SHF models for stable nuclei. A= [ZQUkF<B_ M_z) +
Thus, experimental data on the neutron skin thickness give [ B
critical information both on the EOS pressure in neutron 1 .
matter and on the relative merits of the various parameter _ —(m§+291¢+3gz¢2)] {_
sets used in mean-field models. We also studied relations -

between the neutron skin thickness and other nuclear matter

properties such as the_ nuclear incompressibility and the sym- B= \/W (A6)
metry energy coefficients of SHF and RMF models. We

found clearly a correlation between the neutron skin thick- It is known that the surface symmetry energy influences
ness and the symmetry energy coefficients, while there ighe surface properties of semi-infinite asymmetric nuclear
essentially no correlation between the nuclear incompresgnatter. To second order inthe surface energyy(l) is given
ibility K and the neutron skin thicknesk,. Further studies by
of the relation between the pressure of neutron matter and the
symmetry energy coefficients are in progress.

SHF and RMF models. A strong linear correlation between 372A ) ) 3 M* 5
(MEp+ 019° + Gob®) — g_(m(r+ 2014

(o8

-+ —+
B B B

21,3
+3g2¢2>} b I

i[ K:  5K2 9M*A]
3wy, 24 ’

3
M (m¢27¢ + 01 + Gp )

2k2M”
oB?

} . (AD)

eq(l) = 5(0) + esd . (A7)
The quantityeg is given by

[
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APPENDIX: VOLUME AND SURFACE SYMMETRY
ENERGY OF SHF AND RMF
The symmetry energy coefficiemt,, is defined as the

The isovector density s can be expressed as a Taylor expan-
sion aroundop,:

second derivative of the Hamiltonian densk . Lp=pom . Ksym( P = Pom 2
gsp)=J+ (A10)
1. #(H 3 Pam 18 Prm
agym= lim—| — (Al) _ _ ,
21-0d1°\ p The quantityKs,, is defined by
with respect to the asymmetry parameter(N-2)/A. The Ko =9y2 d%e 5(p) ALY
kinetic energy part ofH is evaluated for semi-infinite sym= “Pnm dp2. (A11)
nuclear matter by the extended Thomas-Fermi approxima- nm
tion, The surface symmetry energy,is evaluated to be
Vp.)? 2a 1 L
Tq= ap2/3+ Bm)_ + '}’qu(q =n,p) (A2) Ess= 7 _<L - _Ksym> +2e40)— (A12)
Pq Mm 12 K
with a:g(3ﬂ2)2/3, [g:%, y:% [6]. In SHF models, the by inserting Eq(A10) [36] and the Fermi-type density dis-
symmetry energy coefficient is given by tribution
h? (3w 5 1 1 . __ Pm_ _
ym= 51(7)/32 7= glo(L + 20)p = ts(1 + 26" P= 1 v exaxia) P (AL3)
1 /37%\23 . into Eq. (A8). In order to determine the surface diffuseness
a2 {3tixg = ta(4 + 5x) }p™", (A3)  a, the nuclear matter part of the Hamiltonian density is ex-
pressed in terms of the nuclear incompressibiktywhich
while in RMF models, it becomes gives the relation

024318-8
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2
H= p{fg(l—i> —Eo]+A(p>(vp>2, (A14)

Prm

wherekE, is the binding energy. The derivative terms in Eq.
(A14) are evaluated assuming the density is given by a Fermi

distribution (A13) as

2
H= any{ —(1- Y) _EO}"'A,(y)( ) (A15)

The parametea of Fermi distributiony can be obtained by
solving the differential equation

g 1
y(1-y)= [K( ﬁ —Bomm Y

2m 2
2 > 1/2
uy dy
s )9, s
p””‘z 1+vipnmy } dx )

which is derived by taking the functional derivative of Eq.

(A15) with respect toy, where

1 12 1 1
B= Z{tl(l =Xp) + 3t(1 +x)}(B-y) ; + 5{&(1 + Exl)

3
+ t2<1 +3 )}(ﬁ 7’) 1_6{t1(1 —X7) ~ (1 +Xp)}

><1+'2+l 3t <1+1x)—t<1+1x) 11
2 8 1 21 2 22 2 y

1-12

Uy =9+ 11 +712£5]3,

T3+ 1) T {ty(1+ 2x) — (1 + 2)}].

V12 = 872

Equation(A16) is solved with the boundary condition

d
lim= =0. (A17)
The surface diffuseness is given by the integral
a:J y(1 -y)dx. (A18)

In the RMF model, the Hamiltonian density is given by

PHYSICAL REVIEW C 69, 024318(2004)

Ken Kep
H="—3 (2m)? [f f } (k*+M 2)1/2d3k +0,0pg *+ 9,bp3

1
“mw?

+ %mﬁ& + %(Vo-)2+ U(o) - %(Vw)z— 5

1

- %(Vb)z UL (A19)

We approximate the Hamiltonian density for nuclear matter
Ham given in Eq.(12) by

Ds(l_ﬁj _EO]'

Therefore, in this approximation the Hamiltonian density is
given by

(A20)

ke, ke .
H= (277)3{ f + f "](k2+ M) /2% + 9u©Ps *+ G,b,,

0‘2+ ;(VO‘)Z‘F U(o) - —(V(u)z— lm w?

1 1 K e \?
- >(Vb)? = Zmip? = Hpm + [ (1——) —E}
2( ) 2 Hom* P8 18 o 0

K 9ors 9P
1-FB) g, |- 2efB_ S8
{18( pnm> 0] 2ng, 2y YutPa

1 1 1
+0,bps + E(VU)Z - E(Vw)2 - Emzw2 - E(Vb)2

w

_} 2b2

2 P

We assume a Fermi-type density distribution for the baryon
densitypg such as in the SHF calculations,

(A21)

Pnm
1 +expgx/a)

The Fermi distributiony is the solution to the differential
equation

ps= = PmY- (A22)

9 | GZphy? . Gopamy?l?
y(1-y)?= [ z”‘y + S — 39, Py @
Kpnm m, m,

- 3gppnmlyb + 2miw2+ Zmibz - O'(mitf *+0,Ps

+gp0” + 9303)} : (A23)
where o, w, and p meson fields are given by solving the
Klein-Gordon equations. Finally, we obtain the surface dif-
fuseness from the integral

2= f y(1 -y)dx.

> (A24)
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