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Relativistic mean-field study of neutron-rich nuclei
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A relativistic mean-field model is used to study the ground-state properties of neutron-rich nuclei. Nonlinear
isoscalar-isovector terms, unconstrained by present day phenomenology, are added to the model Lagrangian in
order to modify the poorly known density dependence of the symmetry energy. These new terms soften the
symmetry energy and reshape the theoretical neutron drip line without compromising the agreement with
existing ground-state information. A strong correlation between the neutron radit¥éPf and the binding
energy of valence orbitals is found: the smaller the neutron radid$%eb, the weaker the binding energy of
the last occupied neutron orbital. Thus, models with the softest symmetry energy are the first ones to drip
neutrons. Further, in anticipation of the upcoming 1% measurement of the neutron raditfPtfat the
Thomas Jefferson Laboratory, a close relationship between the neutron raditf®fand neutron radii of
elements of relevance to atomic parity-violating experiments is established.
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[. INTRODUCTION such a measurement will provide the most accurate determi-
nation of the neutron density of a nucleus to date, it will also

Core-collapse supernovas and their remnant neutron stammpact strongly on astrophysical observables. Indeed, a
are an important source of information pertaining to bothmodel-independentor data-to-data relation between the
superdense matter and nuclei far from the valley of stabilityneutron skin of?°%b and the crust of a neutron star was
At present, however, important open questions remain in theecently establishefdL]. This strong correlation emerges as a
understanding of the structure and dynamics of neutron starsgsult of the similar composition of the neutron skin of a
such as their size, composition, and cooling mechanism. Inheavy nucleus and the crust of a neutron star, namely,
creased knowledge of these issues may in turn lead to meutron-rich matter at similar densities. Further, the measure-
better understanding of stellar burning and heavy-elemennent of the neutron skin of%Pb constrains the cooling
nucleosynthesis. mechanism in neutron stars. A small neutron radRyssug-

The structure of spherical neutron stars in hydrostatigests a soft symmetry energy which favors a small proton
equilibrium, the so-called Schwarszchild stars, is solely defraction in dense matter. In turn, a low proton concentration
termined by the equation of state of neutron-rich mattg8 in rules out the enhanced cooling of neutron stars via the direct
equilibrium. Such an equation of state is well represented asRCA procesg 3]. If URCA cooling is indeed ruled out,
the sum of two distinct component$) a symmetric N then observations of enhanced cooling may provide strong
=Z) component that is well constrained at saturation densitgvidence in support of exotic states of matter at the core of
plus (ii)) a symmetry energy that accounts for any possibleneutron stargsee, for example, Ref7]).
neutron-proton imbalance. Some of the important neutron- The density dependence of the symmetry energy should
star properties mentioned above depend critically on thealso play an important role on the properties of nuclei far
poorly known density dependence of the symmetry energyfrom the valley of stability. Indeed, some theoretical calcu-
Indeed, as a result of the saturation of symmetric nuclealations predict the emergence of new magic numbers as a
matter, most of the pressure supporting the star up to abouésult of a reduced spin-orbit splitting originating from a
two times saturation density is provided by the symmetrydiffuse neutron skin[8,9]. This is most evident in the
energy. neutron-rich oxygen isotopes. The nucleus?®®, which in

In a set of recent papers, the sensitivity of the symmetrythe traditional scheme has filledi¥? and 22 orbitals, ap-
energy to changes in the model Lagrangian was investigatgokars to be the heaviest member of the isotopic chain that
[1-4]. The model Lagrangian was modified by introducing remains stable against particle emission. Yet, most theoreti-
nonlinear couplings between the isoscalar and the isovectaal calculations predict the existence of the “doubly magic”
mesons. These new terms enable one to modify the neutratucleus?®0. This issue continues to be revisited in light of a
skin of heavy nuclei without changing ground-state propertremarkable experiment that shows that the mere addition of a
ties that are well constrained experimentally. It should besingle proton stabilizes the fluorine chain up 3; this is
noted that precise information on the neutron radius of aix more neutrons than if*O [10].
heavy nucleus-2°Pb—might soon become available via a  In this—our first—study of neutron-rich nuclei, we focus
parity-violating electron scattering experiment at the Jefferon the effect of the new isoscalar-isovector terms on ground-
son Laboratory that promises a 1% accurd6ys]. While state properties. This study will be conducted within the

framework of relativistic mean-field models that reproduce a

large body of ground-state observables for nuclei at, or near,
*Email address: bonnie@godiva.physics.fsu.edu the valley of stability. Yet these observables are mostly in-
"Email address: jorgep@csit.fsu.edu sensitive to the density dependence of the symmetry energy.
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It is the aim of the present study to constrain the symmetryo simulate the complicated dynamics that lie beyond the
energy through a systematic study of ground-state propertiagalm of the low-energy effective theory. Indeed, by fitting
of neutron-rich nuclei. While we recognize that additionalthe constants that parametrize these meson terms to the bulk
physics, such as pairing, may be needed for more realistiproperties of nuclei, rather than to two-nucleon data, the
studies, we limit ourselves to study the impact of the bulkcomplicated dynamics originating from nucleon exchange,
symmetry energy on the ground-state properties of neutrorshort-range effects, and many-body correlations get implic-
rich nuclei. Further, we focus on self-consistent mean-fieldtly encoded in a small number of empirical constants. For
models in the hope of extending earlier studies of the lineathe purpose of the present discussion, the following local
response[1l] to incorporate the new isoscalar-isovector meson terms are sufficient:

terms.

The manuscript has been organized as follows. In Sec. Il
we review briefly the relativistic formalism paying special
attention to the role of the new isoscalar-isovector couplings. )
We illustrate how these new couplings modify the density — (AP AW, WH)(B,-B"), (3)
dependence of the symmetry energy while leaving un- . - .
chgnged all properties ):)f symr);etric r?a/clear matter. Ir? Secv_vhere the following definitions have been introduceb:

Il we present the results of the calculations for various_ 9s%» Wu=8WV,, andB,=g,b, . The inclusion of scalar-
meson interactions« and \) is dictated by the empirical

ground-state observables for a variety of nuclei. A summar)</ ; .
and conclusions are presented in Sec. IV. alue of the compression modulus of symmetric nuclear mat-
ter at saturation densityk(=200-300 MeV). In contrast,
quartic vector self-interactiong) affect primarily the high-
density component of the equation of state; their impact at
In this section, we describe in some detail the model Ladensities below normal nuclear-matter saturation density is
grangian employed in this work and the mean-field approxiyet to be determined12]. Finally, the nonlinear mixed
mation used to compute ground-state properties for a varietiposcalar-isovector couplingsA¢ and A,) are powerful
of neutron-rich nuclei. Although most of the derivations areterms because they can be used to modify the density depen-
standard, a review is included here to illustrate the role of thelence of the symmetry enerdyl] while not influencing
mixed isoscalar-isovector meson terms first introduced irground-state properties. While power counting suggests that
Ref.[1]. These terms, which supplement the phenomenologiother local meson termsuch as mixed scalar-vector cubic
cally successful Lagrangian of R¢L2], modify the density terms and quartip-meson self-interactionsnay be equally
dependence of the symmetry energy, thereby reshaping th@portant [12], their phenomenological impact has been
nuclear landscape away from the valley of stability. documented to be smdll2,1], so they will not be consid-
ered in this study.

A e 4 2
Ueff(d),V’“,b‘"'):a(I) +mq) _H(WMW'M)

Il. FORMALISM

A. Effective Lagrangian

The Lagrangian of Ref[12] includes an isodoublet B. Mean-field equations

nucleon field ¢) interacting via the exchange of one scalar The field equations resulting from the above Lagrangian

(¢ for the sigmaand three vector\(* for the omegab* for ~ may be solved exactly in the mean-field limit by replacing all

the rho, andA* for the photon fields. That is, meson-field operators by their expectation values, which are
classical field413]. For a static, spherically symmetric sys-

£=Z{ 7"<ic9ﬂ—gvVM— %7. b, §(1+ A, tem this implies(using|x|=r)
d(X)—(D(X))= do(r), (4a)
1 1 1
~(M=0sp) |yt 50“¢ 0, 6= mid? = ZVEV,, VE(X)—(VE(X)) = g“OV(1), (4b)
. _ 10
+ %m\zlv,uv#_ %b,tw. blw_g_ %mi pb*. bM_ %F,MVFMV b’laL(X) <blaL(X)> g* 533 bo(r)' (40)
AK(X) = (A¥(X)) = gHAq(T). (4d)

_Ueﬁ((ﬁrvﬂlbu)r (1)
) . i Similarly, the various baryon sources to which these mesons
where the various field tensors have been defined as followgguple must be replaced by théitormal-orderefiexpecta-
tion values in the mean-field ground state. That is,

V=9,V ,—3d,V,, (28

b —d b —ab (2b) OO LPO)—= PO L)1) =py(r), (59)
y7a% uv v™uo

F =, d,A, . (20 OOV PO) = () Y (X):)=g*%py (1), (5b)

In addition to meson-mediated interactions, the Lagrangian  ¢(x) y*r,(X) — (: ¢h(X) YETap(X) 1) = g0 8a5p3(T),
is supplemented with nonlinear meson interactions that serve (50
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YOO YET (X)) Y h(X):) = g#0p (1) (5 where{a}={a=nxt;m} denotes the collection of all quan-
P P P tum numbers required to describe the single-particle Dirac
Note that the proton isospin projection operator has beefpinor. It then follows that the coupled differential equations
defined ast,=(1+73)/2. The baryon sources generate satisfied by the radial components of the Dirac spinor are
(classical meson fields that satisfy coupled, nonlinear Klein-given by
Gordon equations of the following form:

d 1
£ 2 d . N 5 9a(1) = | Eat M= o) =Wio(1) % 5 Bo(r)
(ﬁwa—mi ¢o<r>—g§(§¢é<r>+g<bé<r> )
—e‘o]Aouﬁfa(r):o, (118
—2ASBS<r><1>o<r))=—g§p5<r>, (6a)
d x 1
a2 2d ) oL 4 (a_r>fa(r)+ Ea_M‘Fq)o(r)_Wo(l’)iEBo(l’)
(ﬁJr;m—mv)Wo(r)—gv(gWo(r) .
—e{O]Ao<r>}ga<r>=o, (11b

+ 2AVB§(r)Wo(r)) =—gipu(r), (6b)
where the upper and lower numbers in these equations cor-

2 respond to protons and neutrons, respectively. Having deter-
d 2d ; ; . : .
L _m? Bo(r)—292[ASCI>2(r)+AVW§(r)]Bo(r) mined all occupied single-particle states, the various ground-
drz2 rdr g P state densities, which act as sources for the meson fields in
o the Klein-Gordon equationsee Eq(6)], may now be com-
__ ?ppg(r). (60) puted. They are given by
_ _ _ PN =psdr)+psdr), (129
The photon field couples only to tHpoint) proton density
and its solution is thus reduced to quadratures Py(1)=pyp(1) + pyn(r), (12b)
1(r o _
Ay(r)=e FJ dx szp(X)-i- f dx xpp(x) . (7) P3(r)_Pv,p(r)_Pv,n(r)l (129
0 r
Pp(r) :pv,p(r)l (120

The eigenstates of the Dirac equation, for the spherically

symmetric mean-field ground state assumed here, may hghere scalar and vector densities have been defined as

classified according to a generalized angular momentum
Thus, the single-particle solutions of the Dirac equation may psdr)) X (2j,+1
be written as ( ' — |[gha(NF o] (13

pv,t(r) nx 4qrr
Un i X) = E( g””t(r)y”m()f)) . (8) Ground-state properties of the system are described by a
P (DY m(X) solution of the coupled, ordinary differential equations for
the classical meson field&g. (6)] and for the Dirac single-
where {; denotes a two-componeffaul) spinor in isospin  particle states[Eq. (11)]. The solution must be self-
space(with t= = 1/2 for protons and neutrons, respectiVely consistent, that is, the meson fields generating the Dirac
n and m are the principal and magnetic quantum numbersmean-field potentials must satisfy Klein-Gordon equations
respectively, and the spin-spherical harmonics are defined agving ground-state densities constructed from the same
) single-particle states as their sources. Thus, an iterative pro-
I—jm> =] - = I={ ” if x>0 cedure must be implemented. The self-consistent procedure
2 ' 2’ —1—2 if %<O. starts with initial Woods-Saxon shaped meson fields of rea-
sonable strength and range to generate, via a conventional
) ) ) Runge-Kutta algorithm, bound-state energies and corre-
Note that the phase convention adopted in @.(i.e., the  sponding wave functions for all occupied single-particle
relative factor of(i) is such that real bound-state wave func- states. At this point, scalar and vector densities, Gndp,,)
tions (g andf) are generated if the mean-field potentials areare computed. Using these as sources for the meson-field
a.lSO real. Further, the fO||OWing Spinor normalization haSequationS, new meson f|e|d5 are generated by using Green’s
been adopted: function techniques. The newly generated meson fields will
B differ, in general, from the initial Woods-Saxon guess. Thus,
f d3xuz(x)ua(x)=f dr[gdr)+f4r)]=1, (10 this iterative procedure must continue until self-consistency
0 (convergenckgis achieved.

Vum(X)= < X
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TABLE I. Model parameters used in the calculations. The parametard the scalar masgg are given
in MeV. The nucleon,p, and o masses are kept fixed afl =939, m,=763, andm,=783 MeV,
respectively—except in the case of the NL3 model where it is fixed gt 782.5 MeV.

Model mg 92 92 9’ K A ¢
NL3 508.194 104.3871 165.5854 79.6000 3.8599 —0.01591 0.00
S271 505.000 81.1071 116.7655 85.4357 6.6834 —0.01580 0.00
Z271 465.000 49.4401 70.6689 90.2110 6.1696 +0.15634 0.06
. RESULTS above mentioned constraints. While significant discrepancies

o . amon the models emerge at high densit
The symmetry energy of infinite nuclear matter impacts_ 1.5(?fm‘1), presumably due-g to differer?ces in the>kiF1p(ut

on the dynamics of neutron-rich nuclei. After all, the sym-, ., .o« o the effective nucleon makk* and¢, these dis-
metry energy describes how the energy of nuclear matteérepancies disappear at the densitikss(lso,fm*l) rel-
increases as the system departs from equal numbers of Nn&lant to the physics of finite nucléee inset in the figuye
trons and protons. To investigate the structure of neutron-nch—hus’ the equation of state for symmetric nuclear matter is
nuclei, we use a variety of effective field theory models thatmpggel independent in this range and the only bulk property
differ in their prediction for the density dependence of theof infinite nuclear matter that can lead to a model depen-
symmetry energy. dence in ground-state observables of finite nuclei is the sym-

Three models will be considered in this text: the verymetry energy.
successful NL314,15 along with the newer S271 and Z271  Unfortunately, the density dependence of the symmetry
[1] parameter sets. The S271 and Z271 models are like thenergy is poorly known. Indeed, even the symmetry energy
NL3 in that they are constrained to the following propertiesat saturation density is not well constrained experimentally.
of symmetric nuclear mattei) nuclear saturation at a Fermi |t is some average between the symmetry energy at satura-
momentum ofke=1.30 fm %, (ii) a binding energy per tion density and the surface symmetry energy that is con-
nucleon of 16.24 MeV, andii) a compression modulus of strained by the binding energy of nuclei. As a consequence,
K=271 MeV. The first tablgTable ) lists the various pa- we adjust the value of thBNp coupling constant to repro-
rameter sets that are needed to reproduce these propertiesdeice a symmetry energy af,,=25.67 MeV at a Fermi
symmetric nuclear matter at the mean-field level. momentum okg=1.15 fm ! (or p=0.10 fm 3) [2,3]. (For

In Fig. 1 the equation of state for symmetric nuclear mat-a recent discussion on the surface symmetry energy see Ref.
ter is displayed for the three models discussed in the tex{.16].)
That all models are identical &nd neay saturation density In Table Il predictions for the binding energy per nucleon
follows from the fitting procedure that has produced the[17], root-mean-square charge radiii8,19, and neutron
radius of2%Pb are displayed for the three models considered
in the text. The predictions are within 1% of the experimen-

e O A O - o
- T tal values, except for the neutron radius which is poorly
175 |~ NL3 [ — known. The nonlinear coupling, between the isoscalar and
- -~ gzz% II = the isovector mesorisee Eq(3)] enables one to modify the
10— I density dependence of the symmetry energy, and thus the
- e [ neutron radius of%Pb, while leaving well-known ground-
125 | ! ! ] II n state properties intact. This suggests that existing ground-
Sk | = state information, such as charge densities and binding ener-
% 100 = [ gies, do not determine the neutron radius uniquely. Thus, a
= E I’ = new measurement, such as the neutron radifS8%b[6], is
= 75 I — needed to provide important constraints on the density de-
< - 1! - pendence of the symmetry energy. It is therefore the aim of
o ;S
=0 - / = TABLE Il. Symmetry energy at saturation density, binding en-
255 ] / ./' E ergy per nucleon,.root-mean-square .chargg ra@iu’mt-proton. ra-
= 20, 05 T 15 /17 . dius in parenthesjs and neutron radius of%Pb for the various
' - models considered in the tefwith A,=0).
= = Model a3y, (MeV) BI/A (MeV) R(Ry) (fm) R, (fm)
o] Sl B B A A A A N
0 05 1 _11-5 2 25 NL3 37.285 7.854 5.5095.460  5.740
k- (fm ™) S271 36.637 7.939 5.508.460  5.714
Z271 36.298 7.775 5.508.459 5.700
FIG. 1. Equation of state of symmetric nuclear matter for theExpt. ~37 7.885 5.504 unknown

three models considered in the text.
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FIG. 3. Neutron and proton densities féfiCa in the NL3 model
FIG. 2. The symmetry energy in the NL3 model. for various values of the isoscalar-isovector teAp. The inset

shows the surface-peaked nature of thguare of theupper com-

/2
this paper to correlate ground-state properties of neutron-ricRonent of the least boundf¥* neutron.

nuclei to the neutron radius gP%b.
The model dependence of the symmetry energy is genensf N+ Z nuclei. Indeed, the predicted values for the neutron
ated by tuning the isoscalar-isovector terfor simplicity,  skin of %°Ca are R,—Rp;=0.608,0.567,0.523 fm forA,
we set the isoscalar-isovector couplifig, to zero hence- =0,0.015,0.030, respectively. Note that the proton radius re-
forth.) Note that changing\, has no effect on the bulk prop- mains fixed atR,=3.562+0.013 fm. The inset shows the
erties of symmetric nuclear matter as the expectation valusquare of the upper component of the least bountPf1
of the p-meson field is identically zero in tHd=Z limit. It neutron in%%Ca (for A,=0) to illustrate how it is most sen-
does affect the value of the symmetry energy, so a mild adsitive to the symmetry energy in the low-density surface re-
justment of theNNp coupling constant is required to keep gion; this is the regionaccording to the inset in Fig.)2
the symmetry energy fixed at,,,=25.67 MeV; this ensures where one expects the model with the largest neutron skin to
that the binding energy per nucleon3Pb remains fixed at give the strongest binding energy for thé>£ neutron. In
7.87 MeV[17]. accordance with this statement we obtain a binding energy
In Fig. 2, the symmetry energy of infinite nuclear matterfor the 1f%2 neutron in%°Ca of 4.907,4.705,4.443 MeV for a
is plotted using the NL3 parameter set for different values otcorresponding neutron  skin  ofR,—R,=0.608,0.567,
the isoscalar-isovector terrh, (the original NL3 parametri- 0.523 fm, respectively.
zation hasA =0 [14]). IncreasingA, softens the symmetry This correlation is displayed in graphical form in the
energy thereby reducing the internal pressure of the systerapper-left-hand panel of Fig. 4, where the binding energy of
As a result, the original NL3 model predicts both the largesthe least bound neutron #’Ca is plotted for the NL3 model
neutron radius irf%Pb and the largest neutron-star raiir ~ (solid line) as a function of the neutron skin ifP%b. As
a given mass[1,2]. The inset in the figure shows the sym- evinced by the other panels in the figure, this correlation
metry energy at the densities relevant to the dynamics ofiolds throughout the periodic table. Moreover, it is model
neutron-rich nuclei. Note that because all parametrizationshdependent. Indeed, similar plots have been added for the
are constrained to have the same symmetry energy:at S271(dashed lingand Z271(dot-dashed lineparametriza-
=1.15 fm 1, models with a softer symmetry energy have ations. In all cases the binding energy of the least bound neu-
larger symmetry energy at low densities. In these softer modiron increases with increasing neutron skin. Note, however,
els there is a higher price to pay for departing from equathat the shell ordering is not constrained among the models.
numbers of protons and neutrons. This suggests a definieor ®°Ca the NL3 model predicts thef%? orbital to be the
correlation: models with the smallest neutron skiR,( least bound, whereas in the S271 and Z271 models it is the
—R,) in 2°%®Pb should be the first ones to drip neutrons.  2p/2 orbital which is the least bound. Moreover, this corre-
Further evidence for this behavior is provided in Fig. 3,lation, namely, that an increase in the isoscalar-isovector
where proton and neutron densities for the neutron-ricttoupling is responsible for a decrease in both the neutron
nucleus®®Ca are displayed. The nonlinear isoscalar-isovectoskin of 2°%Pb and in the binding energy of the least bound
term A, is used to change the density dependence of theeutron of a nucleus, should only be applied within a model
symmetry energy which in turn modifies the neutron radiusand should not be used to compare among different models.
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Indeed, the Z271v model predicts the weakégtongest theory is to measure ratios of parity-violation observables
binding energy for the last neutron orbital fCa (*%0) along an isotopic chain. This leaves nuclear-structure uncer-
among all the models. tainties, in the form of the neutron radius, as the limiting

A case of particular interest is the doubly magic nucleudfactor in the search for physics beyond the standard model
280 (upper-right-hand panel of Fig.) 4vhich appears to be [27-29. All three elements, barium, dysprosium, and ytter-
particle unstabl¢10] in spite of the many theoretical predic- bium, have long chains of naturally occurring isotopes.
tions to the contrary20—23. While the case of®0 in par-  While the experimental strategy demands a precise knowl-
ticular, and the whole isotopic chain in general, deservesdge of neutron radii along the complete isotopic chain, we
special attention and thus a separate publication, suffices wnly correlate heréas means of illustratiorthe neutron ra-
say that in all the self-consistent relativistic mean-field mod-dius of 2°%Pb to the neutron radius of a member of the iso-
els considered here, thel¥? orbital in 220 is predicted to be topic chain having a closed neutron sh@t subshe)l; we
bound by at least 2 MeV. only consider here:'¥Ba(Zz=56;N=82) [30], ®®Dy(z

We finish the discussion of Fig. 4 by addressing the modet=66;N=92), and'’®vb(Z=70;N=106). Note that for the
dependence of the neutron drip lines in calcium and zircoopen proton shell a spherical average is performed. That is,
nium. Predictions for the least bound neutron in the neutronthe factor of 3,+1 in Eq. (13) is simply replaced by the
rich nuclei "°Ca (lower-left-hand pangland *?%Zr (lower-  actual number of protons in the orbital.
right-hand panglare displayed as a function of the neutron  The neutron skins of*Ba, *®y, and '"vb, are corre-
skin in 2%%b. Note that a “binding energy” of 0 MeV indi- lated to the corresponding neutron skin?8fPb in the three
cates that the neutron is unbound and drips. The NL3 modegdanels of Fig. 5. We observe a tight linear correlation that is
predicts the last occupied neutron orbital in both nucleilargely model independent. The linear regression coefficients
(1g%? and 3°? respectively to be bound, albeit only (slopemand intercepb) have been enclosed in parenthesis.
weakly. This is in contrast to the S271 model for which bothA theoretical spread 0f0.3 fm in the neutron radius of
single-particle orbitals are bound but only for those param-?°%Pb was estimated in Refi27,31]. For two recent discus-
etrizations with a large neutron skin #%Pb; that is, with a  sions on the extraction of the neutron skin &b from
stiff symmetry energy. The Z271 model predicts both nucleiproton-nucleus elastic scattering see RE®2,33. Most of
to be particle unstable for all values Bf,—R,, in 2°%Pb. this spread is driven by the difference between relativistic

We conclude this section with a brief comment on theand nonrelativistic models, which has recently been attrib-
impact of a 1% measurement of the neutron radiué’f®b  uted to the poorly known density dependence of the symme-
on the neutron radius of other heavy nuclei that have beetry energy[34]. With the culmination of the parity radius
identified as promising candidates for atomic parity-violationexperiment at the Jefferson Laboratd§l, the theoretical
experiments: barium, dysprosium, and ytterbi(ig4—28. spread will be replaced by a genuine experimental error that
Part of the appeal of these atoms is the existence of verig five times smaller, that isA R,(?*°®Pb)=0.056 fm. This
close(nearly degeneratdevels of opposite parity that con- 1% measurement of the neutron radius?f#Pb translates
siderably enhance parity-violating amplitudes. Unfortunatelyinto a neutron radius uncertainty afR,(**%a)=0.045 fm,
parity-violating matrix elements are contaminated by uncerAR,(**®Dy)=0.034 fm, and AR,(*’%Yb)=0.052 fm, re-
tainties in both atomic and nuclear structure. A fruitful ex- spectively. While the model independence of these results is
perimental strategy for removing the sensitivity to the atomicencouraging, one should test the proposed correlation be-
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T T T 1 T 1T T T [ T T T3 weak binding energies for the valence neutron orbitals in
0.25 1385 (m=0.801, b=0.012) —] neutron-rich nuclgi. Thus, mode]s with the softest symmgtry
£ - . energy are the first ones to drip neutrons. Further, a tight
€ 02~ ] correlation was found between the neutron skirf%Pb and
nI:Q - - N3 - the neutron radius of a variety of elemefi&rium, dyspro-
o O -~ -—-s27a| T sium, and ytterbiumof possible relevance to atomic parity
C c=-= 7271 O violation.
01~ T The softening of the symmetry energy, which generates a
L B e e T T B thinner neutron skin irf%pPb, is accomplished by introduc-
02 158 . ing additional (isoscalar-isovectgrterms into the effective
- — Dy (m=0.628, b=-0.004) 7] Lagrangian. The new terms represent an important addition
g 0.15— . to the relativistic mean-field models, as they allow modifica-
o - _ . tions to the neutron skin of%Pb without compromising
nl:: 01F.---—~ ] their success in reproducing a variety of ground-state observ-
C 3 ables. At first, it might seem surprising that the neutron ra-
0.05 - dius of 2%%Pb, one of the most studied nuclei both theoreti-
e ———r——, cally and experimentally, should be so poorly known.
Tt Indeed, theoretical estimates place an uncertainty in the neu-
0.3 %vbh (m=0.932, b=0.023) - tron radius of?°®Pb at about 0.3 fm. This is in contrast to its
E = = charge radius which is known—experimentally—to exquisite
~2 025 — accuracy. The reason for this mismatch is twofold. First,
DFC - -] electron scattering experiments, arguably the cleanest probe
¥ 02 - —] of nuclear structure, are only sensitive to the proton distribu-
- - ] tion. Second, best-fit models constrained to reproduce a va-
0154 ¢+ ¢ 4 | 4 v v 3 1 1 1 riety of nuclear observables, such as charge densities, bind-
0.15 0.2 0.25 ing energies, and single-particle spectra, still predict a wide

R,-R for %pp (fm)

range of neutron radii fof%Pb.
Fortunately, the measurement of the neutron radius of

FIG. 5. Skin-skin correlations for three heavy nuclei of possible 2%pp seems within reach. Indeed, the parity radius experi-

relevance to atomic parity violatiot¥Ba, Dy, and*"®Yb) as a

ment at the Jefferson Laboratory aims to measure the neutron

function of the neutron skin of°®Pb for the three models consid- radius in2°%Pb accuratelyat the 1% leveland model inde-

ered in the text. Quantities in parenthesis represent linear regressigendently via parity-violating electron scattering. Such a
coefficients(slope and intercept

measurement seems vital, as knowledge of a single isovector
observable is sufficient to place stringent constraints on the

tween the neutron radii of heavy nuclei in models thatmodel dependence of symmetry energy. Further, such a mea-
modify the density dependence of the symmetry energy in 8urement will shed light on a variety of rich nuclear phenom-
manner that is different from the one presented here.

ena, ranging from the structure of neutron-rich nuclei to the
structure of neutron stars.

IV. CONCLUSIONS
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