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Nuclear symmetry energy and the neutron skin in neutron-rich nuclei
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The symmetry energy for nuclear matter and its relation to the neutron skin in finite nuclei is discussed. The
symmetry energy as a function of density obtained in a self-consistent Green function approach is presented
and compared to the results of other recent theoretical approaches. A partial explanation of the linear relation
between the symmetry energy and the neutron skin is proposed. The potential of several experimental methods
to extract the neutron skin is examined.
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[. INTRODUCTION The aim of this paper is threefold: First we address the
. sensitivity of the symmetry energy to various many-bod
The nuclear symmetry energy plays a central role in y y y 9y y Y

. : pproximations. To this end we present results of a calcula-
variety of nuclear phenomena. It determines to a large extenfon of S(p) using the self-consistent Green funct@CGH
the equation of statétEOS and the proton fraction of neu-

2 , approach and compare the result with various other theoret-
tron starg1], the neutron skin in heavy nuclgl], itenters as  jg approaches. Second we will try to provide some new

an input in the analysis of heavy ion reactid8s4], etc. Its  jnsight in the origin of the “Furnstahl” relation; for this pur-
value at nuclear saturation densityS(po=0.17 fmi®)  pose we use the Landau-Migdal effective interaction in the
~30 MeV, seems reasonably well established, both empirimean-field approximation. Finally in view of the large vari-
cally as well as theoretically; still different parametrizations ety of existing and proposed experimental methods to deter-
of relativistic mean-field RMF) models(which fit observ- mine the neutron skiddR we examine the merits of some
ables for isospin symmetric nuclei welead to a relatively recently proposed methods that seem to be of potential inter-
wide range of predictions for the symmetry energy,estto provide more accurate information on the neutron skin
24-40 MeV. However, predictions for its density depen-in the near future.
dence show a substantially larger variation. Section 1l is devoted to an overview of theoretical ap-

Recently it has been pointed out by several auth®)s,6 proaches to the symmetry energy, and a new calculation in
that there exists a strong correlation between the neutroferms of the self-consistent Green function approach is pre-
skin, AR=R,-R,, and the density derivative of the EOS of sented. In Sec. lll an interpretation of the Furnstahl relation
neutron matter near saturation density. Subsequently in '§ Presented in terms of the Landau-Migdal approach. Sec-
more detailed analysis in the framework of a mean-field aption IV contains an overview of various experimental meth-
proach, Furnstal2] demonstrated that in heavy nuclei there 0ds to deduce information on the neutron skin and Sec. V
exists an almost linear empirical correlation between theoretcontains a short discussion of implications for other physical
ical predictions in terms of various mean-field approaches t®rocesses where the information on the neutron skin is re-
S(p) (i.e., a bulk propertyand the neutron skinyR (a prop-  duired as an input.
erty of finite nucle).

This observation has contributed to a renewed interest in !l THE SYMMETRY ENERGY IN NUCLEAR MATTER

an accurate determination of Fhe neutron skin in neutror_1-r|ch The symmetry energ§i(p) is defined in terms of a Taylor
nuclei for several reasons. First precise experimental infor;

. i - series expansion of the ener er particle for nuclear matter
mation on the neutron skin could help to further constrain P gy pef P

interaction parameters that play a role in the calculation og]r;g? ?rgtitgr?xgygmetm_m Z)/A (or equivalently the
the symmetry energy7]. Furthermore a precise value of the '

neutron skin is required as an input in several processes of E(p, @) =E(p, 0) + S(p)a? + O(a®) + -+ . (1
physical interest, e.g., the analysis of energy shifts in deepl
bound pionic atom$8], and in the analysis of atomic parity . X . . .
violation experimentgweak chargg[9]. It has been shown bolic law in Eq. (1), I.e. term_s ina®, are quite S”f‘a”- .
that the calculated symmetry energy is quite insensitive to Near .the saturation density, the energy of isospin-
details of modern realistic nucleon-nucle@iN) interactions symmetric matte(p, 0) and the symmetry energy can be

[10]. On the other hand the symmetry energy and in particu-e)(panded as

Y has been showhl1,12] that deviations from the para-

lar its density dependence can vary substantially with the K

many-body approximations employed. For instance the re- E(p, 0) =Eo+ 1—2(P—Po)2+ e 2
sults of lowest-order Brueckner-Hartree-FodRHF) and 0

variational calculations do not seem to agree well. and
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The parameten, is the symmetry energy at equilibrium
and the slope parametgy, governs the density depen-
dence.
The relevance of the nuclear matter results in part de- 30
pends on the question whether there is a surface contributiol
to the symmetry energy for finite nuclei. In R¢13] it was
found that the latter is of minor importance, which has also

been confirmed in Ref2]. 20

A. Self-consistent Green function and Brueckner approach

In this section we describe the calculation of the symme-
try energy in the SCGF approach. Since the latter can be 10
considered as a generalization of the lowest-order BHF
method we start with a brief discussion of the symmetry
energy in the latter case.

1. Symmetry energy in BHF

In the Brueckner-Hartree-Fock approximation, the

Brueckner-Bethe-Goldston@BBG) hole-line expansion is sITTI NIRRT ARRTRINRETI ITERA RRATAATET
truncated at the two hole-line level. The short-ramjé re- 005 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
pulsion is treated by a resummation of the particle-particle o [fm -3

ladder diagrams into an effective interaction @rmatrix.
Self-consistency is required at the level of the BHF single- FIG. 1. The symmetry energ$ (full line) and the contributions

particle (sp) spectrume®"F(k), to Sfrom the kinetic(dash-dotted lingand potential energgdashed
line), calculated within a ccBHF scheme and using the Reid93 in-
K2 teraction. Also showrgdotted line$ are theT=0 andT=1 compo-
MF(k) = o + > Re(kK'|Glw = 2HF(k) + 2P (k") ]|kK'). nents of the potential energy contribution.
k' <kg

@) We first performed ccBHF calculations with the Reid93
interaction, including partial waves with<4 in the calcula-

In the standard choice BHF the self-consistency requiretion of the G matrix. The results are presented in Fig. 1,
ment(4) is restricted to hole statdk<kg) only, while the  where the symmetry energ§ is decomposed into various
free spectrum is kept for particle states ke. The result-  contributions as suggested in REf1] and shown as a func-
ing gap in the sp spectrum &=kg is avoided in the tion of nucleon density.
continuous-choice BHRccBHP), where Eq.(4) is used The contributionS,;, of the kinetic energy to the BHF
for both hole and particle states. The continuous choicesymmetry energy is given by the free Fermi-gas expre§sion
for the sp spectrum is closer in spirit to the many-body
Green function perturbation theory. Moreover, recent re- Sin = Exi —E. - 1(372)2/3p2/3<1_i)
sults indicatg 14,15| that the contribution of higher-order n ™ HinPNM KN SNMT 1 om 22B)
terms in the hole-line expansion is considerably smaller if (6)
the continuous choice is used.

The BHF energy per nucleon can be easily evaluated fopnd it determines to a large extent the density dependence

both symmetric nuclear matté8NM) and pure neutron mat- Of S In Fig. 1 we also show the symmetry potentil,
ter (PNM) using the energy sum rule, =S-S;n, Which is much flatter, and the contributions to

St from both the isoscalatT=0) and isovector(T=1)
E d Pk [ K2 components of the interaction. Over the considered den-
W(— + 6‘3'4'F(|<))0(kF -K), (5)  Ssity rangeS,y is dominated by the positiv€=0 part. The
o

2m T=0 partial waves, containing the tensor force in the
3 3 . . . . .

Wherep:dl<,3:/3772 is the density andl is the isospin de- S;—°D4 channel which gives a major contribution to the

generacy[d=1(2) for PNM (SNM)]. The symmetry en-

ergy S(p) is obtained as the difference between PNM and This expression differs from the standard one, which is based

SNM energies for the same density. upon the derivative rather than the finite difference.

Ao
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FIG. 2. The total energy per
particle for symmetric nuclear
matter (left pane) and pure neu-
tron matter(central panelfor the
Reid93 interaction. The dashed
line refers to a ccBHF calculation,
the full line to a SCGF calcula-
tion. The right panel displays the
symmetry energy in these two ap-
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potential energy in SNM, do not contribute to the PNM  The results for the ccBHF and SCGF calculations for both
energy. TheT=0 contribution peaks ap~0.3 fm3. The = SNM and PNM are compared in the left and central panels of
decrease of this contribution at higher densities is com¥ig. 2 for the Reid93 interaction. The inclusion of high-
pensated by the increase of thel potential energy, with momentum nucleons leads roughly to a doubling of the ki-
as a net result a much weaker density dependence of theetic and potential energy in SNM, as compared to BHF. As
total potential energy(lt should be noted that inclusion of seen in Fig. 2, the net result for the total energy of SNM is a
a three-nucleon interaction in general leads to a substamepulsive effect, increasing with densii®0]. This leads to a
tial increase for the slope parametgyr[12].) stiffer equation of state, and a shift of the SNM saturation
density towards lower densities. The above effects are domi-
nated by the tensor forcéhe isoscalar’S,—3D, partial

In recent years several groups have considered the raevave). Consequently, the effects are much smaller in PNM.
placement of the BBG hole-line expansion with the SCGF The corresponding symmetry energy, shown in the right
theory[16—21. In Refs.[20,2]] the binding energy for SNM panel of Fig. 2, is dominated by the shift in the total energy
was calculated within the SCGF framework and using thefor SNM, and lies below the ccBHF symmetry energy in the
Reid93 potential. In the present paper we have extendeentire density range. Ap,=0.16 fni3 the symmetry energy
these calculations to PNM and calculated the correspondingarametes, is reduced from 28.9 MeV to 24.9 MeV, while
symmetry energy. Details of a technical nature can be founthe slopep, remains almost the sangfom 2.11 MeV fn13
in Ref. [20]. to 1.99 MeV fn13).

A SCGF calculation differs in two important ways from a
BHF calculation. First, within SCGF particles and holes are
treated on an equal footing, whereas in BHF only intermedi-
ate particle(k>kg) states are included in the ladder dia- 1. Calculations with realistic NN forces
grams. This aspect ensures thermodynamic consistency,
the Fermi energy or chemical potential of the nucleo
equals the binding energy at saturatiore., it fulfills the
Hugenholz—van Hove theorgmin the low-density limit
BHF and SCGF coincide. As _the _densny Increases t_he pha Sring database with high accuracy. They concluded that for
space for hole-hole propagation is no longer negligible, an

this leads to an important repulsive effect on the total energy. mall and normal densities the symmetry energy is largely
Second, the SCGF generates realistic spectral function'shdeDendent of the interaction used, e.gpghe values o0&

which are used to evaluate the effective interaction and thVElry around an average value af=29.83 MeV by about

corresponding nucleon self-energy. The spectral functions in('a-L MeV. At larger densities the spread becomes larger; how-
P 9 9y P ever, the symmetry energy keeps increasing with density, in

tlude a depletion of the quasiparticle peak and the appeag, ntrast to some of the older potentials such as Argonne v14

T e e o S e orgnal Reid eraclofReiss (o wich S
' 9 b tended to saturate at densities larger tpa®.4 fni. Some

e ke H{ESON o the mcroscoic arign ofhe symmety poteia
energy as determined from Eg). was obtained by Zuet al. [11] who decomposed the sym-

In a SCGF approach the particle staties k), which are metry energy into contnb_uuons from kinetic and potential
absent in the BHF energy sum rule of K§) dc; contribute  cHe'9Y- The BHF calculathng n Re{ﬂ_.l] used _the Argonne
according to the energy sum rule ' v14 and the separable Paris interaction. In Fig. 1 we showed

that the use of the modern Reid93 potential leads to essen-
E d d3k (eF k2 tially the same conclusions.
;:; Wf_w w<2_m+w)3w(k’ ), (7) Detailed studies for SNM and PNM using variational
chain summation techniques were performed by Wiriega
expressed in terms of the nucleon spectral functioral. [22] for the Argonne Av14 and Urbana UvIdN interac-
Sk, w). tion, in combination with the Urbana UVIII three-nucleon

2. Symmetry energy in SCGF approach

B. Comparison of symmetry energy in other approaches

ﬁ.g., Engvik et al. [10] have performed lowest-order
SBrueckner—Hartree—Foc(d_OBHF) calculations in SNM and

PNM for all “modern” potentialgfCD Bonn, Argonne v18,

Reid93, Nijmegen | and }J] which fit the NijmegerNN scat-
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TABLE I. Results for the symmetry energy paramerandp, from the variational calculations of Ref22,23 using the Argonne and
UrbanaNN potentials, in combination with Urbana models for the three-nucleon interaction. The last column includes a relativistic boost
correctiondv and the adjusted UIX* three-nucleon interaction.

Avl4d Av14+UVII uvil4 Uv14+UVII Av18 Av18+UIX Av18+&+UIX"
a, (MeV) 24.90 27.49 26.39 28.76 26.92 29.23 30.1
Po (MeV fm)=3 2.02 2.71 2.38 3.04 1.95 3.24 2.95

interaction(TNI), and by Akmalet al. [23] for the modern  considerably larger than in nonrelativistic approackes
Av18 NN potential in combination with the UIX-TNI. Re- large part of the enhancement can be ascribed to the fact
sults fora, and p,, extracted from Refg[22] and[23], are  that the kinetic contribution is larger, because<m).
shown in Table I. The inclusion of TNI stiffens the EOS for Recently in Refs[28,29 this approach was extended by
both SNM and PNM, and increases considerably the value ghclusion of the isovector-scalar partnéiof the isoscalar

the symmetry energpy and its slopep, at the empirical  scalaro meson. Because of the presence of the Lorentz

tion év (in combination with a refitted TNlon the values of ~—(g§/8m§)(m*/E) which decreases with increasing den-

a4 andpy is sizable as well. . sity its inclusion leads to an even larger net value fgr
The symmetry energy has also been computed in th 8.29

Dirac-Brueckner-Hartree-Fock approd@4,25. In relativis-

tic approaches the symmetry energy generally is found to Since explicit pion exchange is usually not included in the
increase almost linearly with density, and more rapidly tharmean-field approaches it is difficult to make a meaningful
in the nonrelativistic case. This difference can be attributeccomparison with microscopic ones. In fact it can be argued
to two effects. First the covariant kinetic energy which isthat in contrast to isoscalar properties the long-range pion
inversely proportional tcﬂk§+m*2 is larger because of the exchange could play an essential role in determining the is-
decreasing Dirac mass’ with increasing density. Second ovector propertie$2].

the contribution fromp exchange appears to be larger than in

the nonrelativistic casg24]. 3. Effective field theory

) 2. Mean-field approach L.jsmg effective mteré?tmns ) ~ Recently the density dependence of the symmetry energy
Since the Furnstahl relation has been verified mainly imas been computed in chiral perturbation effective field
terms of mean-field models we discuss some results obtainqqeory, described by pions plus one cutoff parameterto
in these approaches, which in general are based upon a pPgmylate the short distance behavid]. The nuclear matter
rametrized effecnye Interaction. ... _calculations have been performed up to three-loop order; the
Brown [5] has investigated proton and neutron radii 'nresulting EOS is expressed as an expansion in poweks, of
terms of the nonrelativistic Skyrme Hartree-FOG®HP) 54 the value oft ~0.65 GeV is adjusted to the empirical
model. First he noted that a certain combination of Paramp; ing energy per nucleon. The value obtained in this ap-
eters in the SHF is not determined well by a fit to ground- .- 1 fora,=33 MeV is in remarkable agreement with the
state binding energies, and that a wide range of prediction mpirical one; at higher densitiés>0.2 fr3) a downward

gqr the EOIS for ENM IS oEta:jneq. I—_|e aI?oh pointed out abending is predicted. However, in its present form the valid-
Irect correlation between the derivative of the neutron rnatTty of this approach is clearly confined to relatively small

ter EOS(i.e., basically the symmetry energy coefficiqmp) values of the Fermi momentum, i.e., rather low densities. It

and the neutron skin if"*Pb. is interesting to note that there are relatively snikrge

Coyariant apprqache.s are in general based upon ei.therc%ntributions toa, coming from one-pion exchange Fock
covariant Lagrangian witr, , andp exchangdand POSSI- diagram(three-loop diagrams with either two or three me-
bly other mesons[26,27, or on the use of contact interac- dium insertion

tions [2], solved as an energy density functional in the
Hartree-Fock approximation. Sets of model parameters are

determined by fitting bound state properties of nuclei. Spe- 4. Comparison

cifically the isovector degree of freedom is determined by the ) - )

exchange of isovector mesons; in casg @fieson exchange To summarize the present status in Fig. 3 various results

the (positive definitg contribution toSis given by of the approaches fd(p) discussed above are compared. As
noted above one sees that the covariant models yield a much
K a9 larger increase o8 with the density than the nonrelativistic
&= G\m—/Tkﬁ + g_mgpo' (®) approaches. The LOBHF leads to a higher valuesdhan

both variational and the SCGF method which include more
and its potential energy contribution {m, which scales correlations; that the SCGF result is close to the variational
with that fora,, is g§/8m§ [2]. Typical values obtained for approach may be fortuitous. Effects from three-body forces
po are around 4-6 MeV fii?, and a,~30-36 MeV,i.e.,  are not included.
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FIG. 3. Overview of several theoretical predictions for the sym-

metry energyS Brueckner-Hartree-Fockcontinuous choicewith

Reid93 potential(circles, self-consistent Green function theory

with Reid93 potentialfull line), variational calculation from Ref.
[22] with Argonne Av14 potentia(dashed ling Dirac-Brueckner-
Hartree-Fock calculation from Ref.24] (triangle, relativistic

mean-field model from Ref{28] (squarey effective field theory
from Ref.[30] (dash-dotted ling

Ill. RELATIONSHIP BETWEEN SYMMETRY ENERGY
AND AR

Brown [5] and Furnstah|2] have pointed out that within

the framework of mean-field models there exists an almo
linear empirical correlation between theoretical prediction

for both a, and its density dependengg and the neutron

skin AR=R,—R, in heavy nuclei. This observation suggests
an intriguing relationship between a bulk property of infinite

nuclear matter and a surface property of finite systems.

Here we wish to address this question from a different

point of view, namely in the spirit of Landau-Migdal ap-
proach. Let us consider a simple mean-field madeg, e.g.,
Ref. [31]) with the Hamiltonian consisting of the single-

particle mean-field parlt:io and the residual particle-hole in-
teractionH,

ﬁ = F|O+ ﬁp_h, Fl(): E [Ta+ U(Xa)]’

a

9)

S

PHYSICAL REVIEW C 68, 064307(2003

U(x) = Ug(x) + U3(x) + Uc(x), (10

1
Ug(¥) = Ug(r) + Ugg(x); Ug(X) = Espot(r)T(a);

1
Uc(x) = EUC(r)(l -4, x=(r, 0, 7.

Here, the mean-field potenti&l(x) includes the phenom-
enological isoscalar party(x) along with the isovector
U,(x) and the CoulomliJ(x) parts calculated consistently
in the Hartree approximation;Uy(r) and UgyXx)

=Uq(r)a-l are the central and spin-orbit parts of the iso-
scalar mean field, respectivel\§,,(r) is the symmetry
potential (the potential part of the symmetry enejgy

In the Landau-Migdal approach the effective isovector

particle-hole interactiomd,, is given by

Hon= 2 (F' + G’ Ga01) 7afyd(Ta = Fp),

a>b

11

where F' and G’ are the phenomenological Landau-
Migdal parameters.

The model Hamiltoniard in Eq. (10) preserves isospin
symmetry if the condition
[H, TO]=0F (12
is fulfilled, where TO=s, 7, 00'=5, Uc(r)7;). With
the use of Egs(10)—(12) the condition, Eq.(12), in the
random phase approximation formalism leads to a self-

consistency relation between the symmetry potential and
the Landau parametédt’ [32]:

Spo1) = 2F'nC(r),

where n2(r)=n"(r)-nP(r) is the neutron excess density.
Thus, in this model the depth of the symmetry potential is
controlled by the Landau-Migdal parametéf (analo-
gously to the role played by the parameg%rin relativistic
mean-field models

S is obtained from E¢(13) by an iterative procedure;

(13

SEhe resulting dependence AR on the dimensionless param-

eterf’=F’/(300 MeV fm)® shown in Fig. 4 indeed illustrates
that AR depends almost linearly oif. Then with the use of
the Migdal relation[33] which relates symmetry energy and

',

€F
ag=—(1+2f"),

. (14

a similar almost linear correlation between the symmetry
energya, and the neutron skin is obtained.

To get more insight in the role of we consider small
variations 6F’. Neglecting the variation oh”(r) with re-
spect tosF’ one has a linear variation of the symmetry po-
tential: 6330t(r):25F’n(‘)(r). Then in first-order perturbation
theory, such a variation @&, causes the following variation
of the ground-state wave function:
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0.321 In particular the excitation of isovector giant resonances
through the restoring force contains information about the
0.28. symmetry energy.
3 A. Isovector giant resonances
o 0-24- . . . . . .
E We begin with a brief overview of the study of excitation
q of isovector giant resonances. Sum rules for the latter contain
0.204 direct information onAR.
0.164 1. Giant dipole resonance (GDR)
: , In the past the excitation of the isovector giant dipole
0.5 1.0 1.5 resonancéGDR) with isoscalar probes has been used to ex-

fr tract AR/R [36]. In the distorted wave Born approximation
optical model analysis of the cross section the neutron and
FIG. 4. Neutron skin irf®Pb vs the Landau-Migdal parameter proton transition densities are needed as an input. In the
fr. Goldhaber-Teller picture,

<s| Vo, 6(1) = - K 9P an

|80) = OF' X, ——— £ 19 (15)

with s labeling the eigenstates of the nuclear Hamiltonian with « the oscillation amplitude and =p, n). We assume

@ ground -state neutron and proton distributions of the form
and a single-particle operatdi”=3, n) (ra)7,. Conse-  [x=(N-2)/A]
quently the variation of the expectation value of the
single-particle operatorV)=3,r27¥ with (0[V)|0)

1
=NR:-ZR can be written as pi(r) = 5(1 x5 yplr —c(l £ y3)]. (18)

While for N=Z the transition density vanishes, foi>Z

Re0 N )S SV( )0 the isovector transition density is finite,
R 5(AR)—5F’ E | | >< | | > (16) y
N - Z(dp Cdzp)

A< Eo- Eg
In practice the sum in Eq16) is exhausted mainly by the Ag(r) = ky— a3
isovector monopole resonance of which the high excita-
tion energy(about 24 MeV in?°%Pp) justifies the pertur- wherey is related toAR, y=[3A/2(N-Z)]AR/R,.
bative consideration. We checked that Eg6) is able to Excitation of the GDR byw particle scatteringisoscalar
reproduce directly calculated(AR) shown in Fig. 4 with  probe the corresponding transition optical potential is given
the accuracy of about 10%. As a result a simple micro-by
scopic interpretation of the linear correlation between the

neutron skin thickness and Landau parametéris ob- B N Z(duU ROdZUO
tained. AUe=rwy——\ o ¥ 3a2 (19
By comparing the experimental cross section with the the-
IV. EXPERIMENTAL METHODS TO DETERMINE AR oretical one(calculated as a function of the ratibR/R)

. . the value ofAR/R can be deduced.
A variety of experimental approaches have been explore L . .
. O ; . It is difficult to make a quantitative estimate of the uncer-
in the past to obtain information oAR. To a certain extent
tamty in the result coming from the model dependence of the
all analyses contain a certain model dependence, which i
approach In the analysis several assumptions must be made,

difficult to estimate quantitatively. It is not our intention to
. o such as the radial shape of the density oscillations and about
present a full overview of existing methods for the special :
the actual values of the optical model parameters.

case of?%%b. In particular the results obtained in the past
from the analysis of elastic proton and neutron scattering
have varied depending upon specifics of the analysis em-
ployed. At present the most accurate value comes from a Recently it has been proposed to utilize the excitation of
recent detailed analysis of the elastic proton scattering reathe spin-dipole resonan¢8DR), excited in charge exchange
tion at E=0.5-1 GeV[34], and of neutron and proton scat- reactions, to determine the neutron skin; in fact the method
tering atE=40-100 MeV[35]. For details we refer to these has been applied to obtain information on the variation of the
papers. Here we restrict ourselves to a discussion of som@eutron skin in the Sn isotopes with isotope nunil3&y. For
less well-known methods that have the potential to providghe relevant operatorso;7T;Y,(r;), the summedAL=1
more accurate information on the neutron skin in the futurestrength is

2. Spin-dipole giant resonance
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S-S =C(NR - ZR;Z))- (20) mine the small difference between E¢83) and(22). But at
the level of 1% accuracy several theoretical effects discarded

HereS™ andS™ are the spin-dipole total strengths @ in Eq.(22) come into play(see, e.g., Ref38]) which makes
and 8 channels, respectivel\C is the factor depending the reliability of such a method questionable. On the other
on the definition of the spin-dipole operat@n the defi-  hand in a forthcoming paper we will show that for an isoto-
nition of Ref.[2] C=1/4, we use her€=1). Becauses™ pic chain the excitation of the IAS can be used as a quanti-
could not be measured experimentally, the modeltative tool to obtain the variation &R with neutron number.
dependent energy-weighted sum rule was invoked in the
analysis to eliminat&™. Let us putS*=0 (that seems to B. Antiprotonic atoms
be a very good approximation féf%b) and ask the ques-
tion what experimental accuracy f&” is needed to de-
termine the neutron skin to a given accuracy. With

Recently neutron density distributions were deduced from
antiprotonic atomg39]. The basic method determines the
ratio of neutron and proton distributions at large differences

g—>:(N-z)R§+2NRpAR (21) by means of a measurement of the annihilation products
. _ . which indicates whether the antiproton was captured on a
the ratio of the sec(?nd term on the right-hand side to the,etron or a proton. In the analysis two assumptions are
first one in case of®Pb is made. First, a best fit value for the rafp of the imaginary
2NAR[(N-Z)R)] ~ 5.7ARIR,. parts .of the free spaqgep andr)n scattering lengths equ.al to
unity is adopted. Second, in order to reduce the density ratio
Therefore, forR,=5.5 fm andAR=0.2 fm the second term at the annihilation side to a ratio of rms radii a two-parameter
is only 25% of the first one and one needs 3% accuracy ifFermi distribution is assumed. The model dependence intro-
S”) to determineAR with 10% accuracy. Because the SDR duced by this assumption is difficult to judge. Since a large
strength is spread out and probably has a considerableumber of nuclei have been measured one may argue that the
strength at low energy the results for tA® can be only value ofR, is fixed empirically.
considered as qualitative with a relatively large uncer-

tainty (of the order of 30-50% C. Parity violating electron scattering

3. Isobaric analog state Recently it has been proposed to use({berity violating
The domi buti h iahted weak interaction to probe the neutron distribution. This is
e dominant contribution to the energy-weighte Sumprobably the least model-dependent apprdddi. The weak

rule (EWSR for Fermi excitations by the operator”) potential between electron and a nucleus is
comes from the Coulomb mean figlag]

V(r) = V(r) + yA(r), (24)

where the axial potential(r)=(Gg/2%)py(r). The weak
charge is mainly determined by neutrons

(EWSR)F:f Uc(nn(r)d®r. (22)

The Coulomb mean fieltl(r) resembles very much that
of the uniformly charged sphere, being inside a nucleus a 1 A _
quadratic function:U(r)=(Z€/2R)[3-(r/R)?],r<R.. It pwlr) =(1 45"?0"")’)"(” prl1). (25)
turns out that if one extends such a quadratic dependenaeith sir? 6,,~0.23. In ascattering experiment using po-
also to the outer region>R. (instead of proportionality larized electrons one can determine the cross section
to RJr), it gives numerically just very small deviation in asymmetry[41] which comes from the interference be-
(EWSR)e [less than 0.5%, due to the fact that the differ-tween theA andV contributions. Using the measured neu-
ence and its first derivative go to 0 a£R. andn)(r) is  tron form factor at small finite value o®? and the exist-
exponentially decreasing at>R.]. Using such an ap- ing information on the charge distribution one can
proximation, one gets uniquely extract the neutron skin. Some slight model de-
pendence comes from the need to assume a certain radial
) dependence for the neutron density, to extf@¢tfrom a
(23 e (Y2
finite Q- form factor.

e
" 3(N-2)R2

with Ac=3Z€&42R,, andS~) given in Eq.(21).

Since the isobaric analog stafeAS) exhausts almost
100% of the non-EWSR and EWSR, one may hope to extract
S”) from the IAS energy. However, the term depending on |n Table Il we present a summary of some recent results
S~ contributes only about 20% (&EWSR), and as a result, on AR in 2°Pb. One sees thatvith the exception of the
the part ofS™ depending om\R contributes only about 4% analysis of proton and neutron pickup reactions in terms of
to (EWSR) (in 2°%h). From the experimental side, the IAS mean-field orbitals in Ref42]) all recent results are consis-
energy can be determined with unprecendently high accuent with AR~0.13+0.03 fm. Therefore it appears that the
racy, better than 0.1%. Also, from the experimentally knowndata agree with the result of conventional Skyrme model
charge density distribution the Coulomb mean figlg(r) approach but seem to disagree with the results of the RMF
can be calculated rather accurately, and hence one can detatredels considered in Reff2]. One the basis of the correla-

V. DISCUSSION OF AR FOR 2%pph AND
SOME IMPLICATIONS
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TABLE Il. Summary of recent results fakR in 2°%Pb.

Method AR(fm) Error (fm)  Ref.

PHYSICAL REVIEW (58, 064307(2003

chemical potential,u.=3/4hcx(372px)*3, one finds the
proton fraction near saturation density,, to be quite
small, x,~0.04. Hence the pressure at saturation density

can be approximated as

P(po) = po(1 = 2)[poS (po) (1 = 2%) + S(po)Xo] ~ p3S (po).

Giant dipole resonance excitation 0.19 0.09 [36,4Q
Neutron/proton pickup 0.51 [42]
(p,p’) at 0.5-1.04 GeV 0.097 0.014 [34]

; (29)
Nucleon scattering40—200 MeV}  0.17 [35]
Antiprotonic atoms 0.15 0.02 [39] At higher densities the proton fraction increases; this in-
Parity violating electron scattering Planned 0.05 [41 crease is more rapid in case of larggy[26]. While for

the pressure at higher densities contributions from other
nuclear quantities such as compressibility will play a role,
in Ref.[1] it was argued that that there is a correlation of
the neutron star radius and the pressure which does not
ferred over larger values predicted in RNF approaches.  gepend on the EOS at the highest densities. Numerically
In several processes of physical interest knowledg&Rf the correlation can be expressed in the form of a power
plays a crucial role and in fact a more accurate value coulgqyy, Ry~ C(p, M)[P(p)/MeV fm~3]%25 km, where C(p
lead to more stringent tests. =1.509, M=1.4Mg, o) ~ 7. This shows that a determination
(i) The pion polarization operatd8] (the swave opti-  of a neutron star radius would provide some constraint on

cal potentia) in a heavy nucleus!l(w, pp, p)==T'(w)p  the symmetry properties of nuclear matter.
-T (w)(pn—pp), has mainly an isovector character

[T*(m,) ~0]. Parametrizing the densities by Fermi shapes for
the case of%Pb the main nuclear model dependence in the
analysis comes from the uncertainty in the value AR
multiplying T".

tion plot betweemAR and p, shown in Ref.[2] one would
then conclude that a small value fpg~2 MeV/Am?® is pre-

VI. CONCLUSION

In this paper we have discussed the bulk symmetry en-
ergy, and compared various approaches to compute it as a

(i) Parity violation in atoms is dominated &boson function of density. Because the tensor interaction plays an
exchange between the electrons and the neuf@dd]. Tak-  important role the symmetry energy is sensitive to details of
ing the proton distribution as a reference there is a smallhe treatment of the many-body correlations. It was shown
so-called neutron skins) correction to the parity noncon- that the self-consistent Green function approach in which
serving amplitude 557, for, say, a 6,,—7s,, transition, ~more correlations are included than in lowest-order BHF
which is related taAR as[44] (independent of the electronic leads to a smaller value of the symmetry energy. The rela-
structurg tively large values fomp, obtained in the relativistic mean-

field approach can be associated with an effective mass ef-

AR fect.
(26) We showed that the phenomenological almost linear rela-
132 ) tionship between symmetry energy and neutron skin in finite
In *3%Cs it amounts to @E/E~~(0.1-0.4% depending on  nclei observed in mean-field calculations could be under-
whether the nonrelativistic or_relat|V|st|c estimates MR stood in terms of the Landau-Migdal approach. Finally we
are used9]. The corresponding uncertainty in the weak compared several experimental tools of potential interest for

chargeQy is ~(0.2-0.80. the determination of the neutron skin.
(iii) The pressure in neutron star matter can be expressed

as in terms of the symmetry energy and its density depen-

ns
%’ =— §(az)2__
Epnc 7 Ry
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