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Neutron radii of 2°%Pb and neutron stars
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A new relation between the neutron skin of a heavy nucleus and the radius of a neutron star is proposed: the
larger the neutron skin of the nucleus the larger the radius of the star. Relativistic models that reproduce a
variety of ground-state observables cannot determine uniquely the neutron skin of a heavy nucleus. Thus, a
large range of neutron skins is generated by supplementing the models with nonlinear couplings between
isoscalar and isovector mesons. We illustrate how the correlation between the neutron skin and the radius of the
star can be used to place important constraints on the equation of state and how it may help elucidate the
existence of a phase transition in the interior of the neutron star.
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What determines the size of a neutron star? For spherical, g, e
static stars in hydrostatic equilibrium, the so-called CimZZ{Q@—(QUVMJF?T' b, + 5 (1+ 73)AM) i
Schwarszchild stars, the sole feature responsible for their
size is the equation of state of neutron-rich matter. The skin K 3 A 4 4 2
of a heavy nucleus—a system 18 orders of magnitude N ﬁ(gS‘ﬁ) _E(QS‘M +ng(vﬂv )
smaller and 55 orders of magnitudes lighter than a neutron
star—is also composed of neutron-rich matter, although at a +02b,,- D[ AGid?+ A, GIV VA, ()

lower density.

In a recent publication we studied the relation between thd he model contains an isodoublet nucleon figld (nteract-
neutron skin of2°%b and the nonuniform solid crust of a ing via the exchange of two isoscalar mesons, the scalar
neutron staf1]. For models with a stiff equation of state it is Sigma (¢) and the vector omega/(*), one isovector meson,
energetically unfavorable to separate uniform nuclear mattethe rho ©*), and the photonA*). In addition to meson-
into regions of high and low densities. Thus models with anucleon interactions the Lagrangian density includes scalar
stiff equation of state predict low transition densities fromand vector self-interactiongNote that while the original
nonuniform to uniform neutron-rich matter and consequentlynodel allows forp-meson self-interactiongl2], their phe-
thinner crusts. The thickness of the neutron skif¥fPb also  nomenological impact has been documented to be small so
depends on the equation of state of neutron-rich matter. Théey will not be considered in this contributiorihe scalar
stiffer the equation of state the thicker the neutron skinself-interaction is responsible for reducing the compression
Thus, an inverse relationship was established: the thicker th@odulus of nuclear matter from the unrealistically large
neutron skin of a heavy nucleus the lower the transition fromvalue of K=545 MeV[13,14, all the way down to about
nonuniform to uniform neutron-rich matter. K=230 MeV. This latter value appears to be consistent with

In this work we study the relation between the neutronthe isoscalar giant-monopole resonan@MWR) in 2%%Pb
skin of a heavy nucleus and the radius of a neutron stafl15,16. Omega-meson self-interactions have proven essen-
Indeed, we will show that models with thicker neutron skinstial for the softening of the equation of state at high density.
produce neutron stars with larger radii. Such a study is parindeed, without them large limiting masses for neutron stars
ticularly timely as it complements important advances in(of about 2.815) are predicted, even for the softer models
both experimental physics and observational astronomy. Inthat provide a good description of the giant-monopole reso-
deed, a proposal now exists at the Jefferson Laboratory toance[16]. This is because the GMR constrains the equation
measure the neutron radius ¥fPb via parity-violating elec-  of state around saturation density but leaves the high-density
tron scatterind2,3]. Moreover, a number of improved radii behavior practically undetermined. Models that include
measurements on isolated neutron stars, such as Gemingenega-meson self-interactions soften the high-density equa-
[4], RX J185635-3754[5-7], Vela [8,9], and CXOU tion of state to such a degree that limiting masses o118
132619.7-472910.RL0] are now available. While these mea- become possibl¢12]. Finally, the nonlinear couplings ¢
surements are not yet accurate enough to set stringent limigndA , are included to modify the density-dependence of the
on the equation of state, they represent an important first stegymmetry energy1].
in that direction[11]. We compute the neutron radius 8#Pb and the radius of

Our starting point will be the relativistic effective-field a “canonical’l.4 solar-mass neutron star for all the param-
theory of Ref.[12] supplemented with new couplings be- eter sets listed in Refl]. One of these is the very successful
tween the isoscalar and the isovector mesons. The interactifgl.3-model of Lalazissis, Kioig, and Ring[17]. The other
Lagrangian density for this model is given [, 12] models(S271 and Z27/lwere introduced in Refl]. All the
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FIG. 1. Binding energy per nucleon in symmetric nuclear matter The symmetry energy is given as a sum of two contribu-
(left pane} and symmetry energfright pane} in the various mod-  tjons. The first term in Eq(3) represents the increase in the
els discussed_ in the text. In the left-hand panel the first number iinetic energy of the system due to the displacement of the
parentheses is1*/M and the second one is Fermi levels of the two specidseutrons and protonsThis

contribution has been fixed by the properties of symmetric
sets have been constrained to reproduce three importanticlear matter as it only depends on the nucleon effective
properties of symmetric nuclear matter at saturation: thenassM*. By itself, it leads to an unrealistically low value
saturation density (1.3 fat), the binding energy per for the symmetry energy; for example, at saturation density
nucleon (-16.25 MeV), and the compression modu(@31  this contribution yields~15 MeV, rather than the most re-
MeV). The value of the effective nucleon mass at saturationgjistic value of~37 MeV. The second contribution is due to
which is not accurately known, as well as the strength of thehe coupling of the rho meson to an isovector-vector current
omega-meson self-coupling coupling)(differ in the vari-  that no longer vanishes in ti# Z system. It is by adjusting
ous modelg1]. This in turn permits a modification of the the strength of th&Np coupling constant that one can now
high-density component of the equation of state in the differ<it the empirical value of the symmetry energy at saturation
ent models. density. However, the symmetry energy at saturation is not

The energy density of symmetric nuclear matter can beyell constrained experimentally. Yet an average of the sym-
computed in a mean-field approximation by solving the clasmetry energy at saturation density and the surface symmetry
sical equations of motion for the meson fields. In the meanenergy is constrained by the binding energy of nuclei. Thus,
field limit it is given by[12] the following prescription is adopted: the value of tKé&lp

coupling constant is adjusted so that all parameter sets have
P A a symmetry energy of 25.7 MeV &t=1.15 fm ! [1]. Fol-
<I>S+ €®g+ﬂ¢g lowing this prescription the symmetry energy at saturation
density is predicted to be 37.3, 36.6, and 36.3 MeV in the
1 m2 : NL3, S271, and Z271 models, respectivelipr A=A,
+—<—“)w§+—wg. @ “9 . .
2\ g2 8 The simplicity of the symmetry energy is remarkable in-
deed. The contribution from the nucleon kinetic energy dis-
plays a weak model dependence through the effective
nucleon mass and this dependence disappears in the high-
density limit. The second term in E@3) is also weakly
model dependent, at least in the=A,=0 limit. The rea-
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Note that the following definitions have been introduced:
dy=9gs¢9 andWy=g,V,. The equation of state for symmet-
ric nuclear matter is displayed on the left panel of Fig. 1. As

. . )
ad]:;ert!sedg% ?r?d toa It(_asserfeﬁt(im t s_rehrzspoqsmle for a son is simple: models constrained to reproduce the symmetry
S0 Henlng orthe egua ![on 0 sate atlh '9 etnsu y.f tate f energy of nuclear matter at some average density, while
owever, In order to compute the equation of state for, aintaining the effective nucleon mass within the “accept-
neutron-rich matter one must supplement the equation o ble” range of 0.6sM*/M=0.8, yield values for theNp

state for symmetric nuclear matter with the symmetry en'coupling constant within 15% of each other. The weak model

ergy. The symmetry energy, a positive-definite. quantity, iSdependence of the symmetry energy can be observed in the
imposed as a penalty on the system for upsettinghheZ right panel of Fig. 1. Note that the high-density behavior of

balance. It is given by the symmetry energy is given by

k2 g2 k3 g2 k'?;
Beym(p) = —— + —L — &) agn(p) — ———
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FIG. 2. Neutron and proton densities f%b in the Z271v FIG. 3. Density profile for aM=1.4Mo neutron star in the

model for three different values of the nonlinearp coupling A, . Z271v model for three different values of the nonlineap cou-

In all cases the root-mean-square charge radius is predicted to tg)‘j)ing A,
R, =5.51 fm.

has reduced the neutron skin ®¥fPb appreciably, the charge

As they stand now, the models lack enough leverage t@adius has changed by less than 0.005 fm.

significantly modify the symmetry energy. In order to rem-  |n Fig. 3 we show the equivalent plot but for an object 55
edy this deficiency one must rely on the two nonlinear couprders of magnitude heavier tha?®b: a 1.4 solar-mass
plings between the isoscalar and isovector mesdnsand  neutron star. The density profile of such a neutron star cor-
A,). These couplings change the density dependence of thelates nicely with the neutron skin #%b. Models with a

symmetry energy by modifying the rho-meson mass as igofter symmetry energy tolerate regions of large central den-
indicated in Eq(4). For example, foi\,# 0 the high-density  sities thereby generating smaller radii.

behavior of the omega-meson field becorft3] Finally, the radiusR of a 1.4 solar-mass neutron star as a
, function of the neutron skiR,— R, in *°*Pb is displayed in
& it 7=0: Fig. 4 for the various models described in the text. All
m? p ’ neutron-star radii were computed using the Oppenheimer-

Wy — (8)  \olkoff equations for neutron-rich matter in beta equilib-
kg—oe 6_P s it £#0 rium. Since this figure was generated using an equation of
' state for uniform matter, it may contain small errors due to
an inappropriate treatment of the surface region. Note that
In either case {=0 or {#0) the modifications are signifi- whereas the Z271 model has been extended to include both
cant enough to change the qualitative behavior of the sym-
metry energy; the symmetry energy now grows linearly with ;5 o4

ke p*® rather than akZ. This change in the qualitative ' I_INI:3 ot
behavior of the symmetry energy can be seen in the right 1450 & ——-sm E
panel of Fig. 1. Note that wittA;#0 or A,#0 an adjust- S %Z}i 3
ment of theNNp coupling constant is necessary to maintain F ]
the symmetry energy unchanged from its fixed value of 25.7— 1350 |- - 3
MeV atk-=1.15 fm . Further, the inclusion of these non- 2 1500 3 e 3
linear terms does not affect the properties of symmetric™y ~ /////’/ E
nuclear matter ab,=0 in theN=Z limit. = 1250 F = - =

The procedure described above is robust in another im-é c - / ]
portant way. While our goal is to induce changes in the neu& 1200 i S E
tron radius of?°%Pb through a modification of the symmetry T u I E
energy, we want to do so without sacrificing the success of E T - ]
the models in describing the binding energy and charge ra:  11.00 | =
dius of 2°%b, both of them well known experimentally 10505 T T T
(B.E.=7.868 MeV andr,,=5.51 fm)[18—20. That this is o2 0.15 0.18 0.21 0.24 0.27 0.30
possible may be seen in Fig. 2. In this figure the neutron anc R,-R, (fm)

proton ground-state densities have been computed in the FIG. 4. Radius of 1 =1.4M, neutron star as a function of the
Z271 model for three different values of the nonlin@alp  neutron-minus-proton radius iA°®b for the four parameter sets
coupling A, . While the softening of the symmetry energy described in the text.
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Ag#0 (22719 and A,#0 (Z271v), the other two models In conclusion, relativistic effective field theories that re-
have thes-p coupling fixed atA;=0. The strong correlation produce a variety of ground-state observables have been used
between the neutron-star radius and the neutron skiff®b  to correlate the radius of a 1.4 solar-mass neutron star to the
is evident: for a given parameter sBtincreases withR,  neutron skin of?°Pb. Nonlinear couplings between isoscalar
—R,. However, as one modifies the parameter set to inand isovector mesons have been introduced to modify the
creaseM™ or the o-meson self-coupling, the equation of  density dependence of the symmetry energy. Models with a
state becomes softer so the pressure decreases at high dgpfter symmetry energy tolerate larger central densities and
S|ty As a I’eSU|t, the I’adius Of the star becomes Sma”er fobroduce Systems W|th Sma”er rad“ Thus an important cor-
fixed R,—R;. For example, for a neutron skin &,—R,  relation is revealed: the smaller the skin-thicknes$%Pb
=0.18 fm, the radius of the star varies frdR=13 km in 1o smaller the size of the neutron star. Yet the radius of the
the NL3 model all the way down !8=11 kmin the Z271v e 1ron star is not uniquely constrained by a measurement of
model. Thus, we conclude that the radius of aMeAneu- o neytron skin irf%Pb. This is because tH3%Pb measure-
tron staris not l_m|que|y constrained by a measurement of thﬁ]ent constraints the equation of state only for densities be-
ggﬂgt(i)gflc()lfnstgfekgetlssrbbegli\L/iji;tEFaﬁcjiiEleggr?s(i)tgl}\//vqlﬁ;} éhe tween the transition density to nonuniform matter and satu-
ration density. In contrast, the radius of all.4 neutron star

mostly sensitive to the equation of state at higher densmesi.S mostly sensitive to the equation of state at high density.

Yet one may be able to combine separate measurements %t together they provide considerable information on the

R,—R, andR to obtain considerable information about the . .
P quation of state. If these combined measurements reveal a

equation of state at low and'h|gh densmes.. For example, IFarge value of the neutron skin together with a small value of
R,—R, is relatively large whileR is small, this could indi-

cate a phase transition. A large— R, implies that the low- the star radius, this may provide strong evidence in support

. . L . of a phase transition in the interior of the neutron star.
density equation of state is stiff while a sm&lsuggests a
soft high-density equation of state. The change from stiff to This work was supported in part by U.S. DOE Grant Nos.
soft could be accompanied by a phase transition. DE-FG02-87ER40365 and DE-FG05-92ER40750.
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