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Constraining URCA cooling of neutron stars from the neutron radius of 208Pb
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~Received 24 July 2002; published 27 November 2002!

Recent observations by the Chandra observatory suggest that some neutron stars may cool rapidly, perhaps
by the direct URCA process which requires a high proton fraction. The proton fraction is determined by the
nuclear symmetry energy whose density dependence may be constrained by measuring the neutron radius of a
heavy nucleus, such as208Pb. Such a measurement is necessary for a reliable extrapolation of the proton
fraction to the higher densities present in a neutron star. A large neutron radius in208Pb implies a stiff
symmetry energy that grows rapidly with density, thereby favoring a high proton fraction and allowing direct
URCA cooling. Predictions for the neutron radius in208Pb are correlated to the proton fraction in dense matter
by using a variety of relativistic effective field-theory models. Models that predict a neutron (Rn) minus proton
(Rp) root-mean-square radius in208Pb to beRn2Rp&0.20 fm have proton fractions too small to allow the
direct URCA cooling of 1.4M ( neutron stars. Conversely, ifRn2Rp*0.25 fm, the direct URCA process is
allowed ~by all models! to cool down a 1.4M ( neutron star. The Parity Radius Experiment at Jefferson
Laboratory aims to measure the neutron radius in208Pb accurately and model independently via parity-
violating electron scattering. Such a measurement would greatly enhance our ability to either confirm or
dismiss the direct URCA cooling of neutron stars.

DOI: 10.1103/PhysRevC.66.055803 PACS number~s!: 26.60.1c, 21.10.Gv
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I. INTRODUCTION

Neutron stars are created with very high temperature
supernova explosions. Indeed, neutrinos observed f
SN1987A indicate a neutrinosphere temperature that co
be as high as 5 MeV@1#. Neutrons stars then cool, primaril
by neutrino emission@2#. In the standard scenario, the mod
fied URCA reaction

n1n→n1p1e21 n̄e ~1!

emits neutrinos from the volume of the star. This proce
however, is relatively slow as a second nucleon is neces
to conserve momentum.

Recent x-ray observations of the neutron star in 3C58@3#,
Vela @4#, and Geminga@5# indicate low surface temperature
Moreover, the low quiescent luminosity in the transien
accreting binaries KS 1731-260@6# and Cen X-4@7# suggest
rapid cooling. As x-ray observatories progress and
knowledge of neutron-star atmospheres and ages impro
additional ‘‘cold’’ neutron stars may be discovered. Such lo
surface temperatures appear to require enhanced co
from reactions that proceed faster than the modified UR
process of Eq.~1!.

Measuring the surface temperature of neutron stars is
ficult as their surface temperatures can be anisotropic. M
over, the extracted surface temperature can depend sig
cantly on the model atmosphere employed. Finally, ma
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neutron stars, such as RX J0822-4300@8#, appear warm and
fully consistent with modified URCA cooling.

Enhanced cooling may occur via the weak decay of ad
tional hadrons such as pion or kaon condensates@9#, hyper-
ons @10#, or quark matter@11#. Yet perhaps the most conse
vative enhanced-cooling mechanism is the direct UR
process@12,13# of neutron beta decay followed by electro
capture:

n→p1e21 n̄e , ~2a!

e21p→n1ne . ~2b!

This mechanism is not ‘‘exotic’’ as it only requires proton
neutrons, and electrons—constituents known to be prese
dense matter. However, to conserve momentum in Eq.~2a!
the sum of the Fermi momenta of the protons plus that of
electrons must be greater than~or equal to! the neutron
Fermi momentum. This requires a relatively large prot
fraction.

Yakovlev and collaborators@14# are able to reproduce
measured neutron-star temperatures using a relativ
mean-field equation of state that allows direct URCA f
neutron stars with masses above 1.358M ( (M (

5solar mass). In contrast, Tsuruta and collaborators@15#
rely on pion condensation to reproduce the measured t
peratures. They argue that microscopic calculations
neutron-rich matter @16# using nonrelativistic nucleon
nucleon interactions yield too small a proton fraction for t
URCA process to operate. Unfortunately, these microsco
calculations depend on a poorly known three-nucleon fo
and on relativistic effects that could end up increasing
proton fraction at high densities.
©2002 The American Physical Society03-1
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Superconductivity and superfluidity can greatly influen
neutron-star cooling@17,18#. For temperatures much lowe
than the pairing gap, pairing correlations suppress expon
tially the rate of many cooling reactions. Yet for temperatu
of the order of the pairing gap, the thermal breaking a
subsequent reformation of nucleon ‘‘Cooper’’ pairs promo
an additional neutrino-emission mechanism that rapi
cools the star@19#. However, it has been argued in Ref.@14#
that this mechanism alone is unlikely to explain the low te
perature of some neutron stars. This is because for a l
enough neutron-pairing gap, pair breaking would rapi
cool all neutron stars at a rate almost independent of
mass of the star. This would disagree with observations
some warm neutron stars. Tsuruta and Tamagaki h
claimed that microscopic calculations with a high prot
concentration show a small proton pairing gap@20#. If so, a
direct URCA process~one not controlled by pairing correla
tions! will cool a star so quickly that thermal radiation wou
become invisible@15#. However, we caution that drawin
definitive conclusions from microscopic calculations of pa
ing gaps may be premature, as significant uncertainties
main in the interactions, equation of state, composition,
phases of high-density matter.

Although the precise mechanism remains unknown, so
kind of enhanced cooling appears to be required to exp
the recent observations of cold neutron stars. While the n
for exotic phases of matter is appealing, more conventio
cooling scenarios, such as the direct URCA process, ca
be dismissed on purely theoretical grounds. Moreov
neutron-star observations alone may not be able to res
the detailed mechanism of enhanced cooling. Thus, we c
sider complementary laboratory experiments that could h
us confirm~or possibly dismiss! the direct URCA process
This can be achieved by constraining the symmetry ene
of dense matter. The symmetry energy describes how
energy of~asymmetric! nuclear matter increases as one d
parts from equal numbers of neutrons and protons. The
ton fractionYp5Z/A of nuclear matter in beta equilibrium i
sensitive to the symmetry energy@12#. A large symmetry
energy imposes a stiff penalty on the system for upsetting
N5Z balance, thereby forcing it to retain a large prot
fraction.

Energetic heavy-ion collisions probe the symmetry ene
at high nuclear densities@21#. Possible observables includ
the ratio ofp2-to-p1 production and the neutron-proton di
ferential collective flow. However, these reactions may su
from important uncertainties associated with the comp
strong interactions of the heavy-ion collisions. Thus, we r
on a purely electroweak reaction that can be unambiguo
interpreted. Parity-violating elastic electron scattering from
heavy nucleus is sensitive to the neutron density. This
because the weak charge of a neutron is much larger tha
weak charge of a proton. The Parity Radius Experimen
the Jefferson Laboratory aims to measure the neutron ra
in 208Pb to a 1% accuracy (60.05 fm) @22#. This measure-
ment can be both accurate and model independent@23#.
While the experiment has been approved, it awaits
completion of other parity-violating experiments, using h
drogen and helium targets, which make use of the sa
05580
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beamline. In Ref.@24# Brown showed that the neutron radiu
of 208Pb determines the pressure of neutron-rich matte
normal densities which, in turn, is related to the density
pendence of the symmetry energy@25#. The binding energy
of neutron-rich nuclei is also sensitive to the symmetry e
ergy. Thus, mass measurements of exotic nuclei at ne
commissioned radioactive beam facilities could provi
complimentary information. However, one should note th
in addition to being sensitive to a variety of nuclear-structu
properties, the binding energy of neutron-rich nuclei is fai
insensitive to the density dependence of the symmetry
ergy @26#. In an earlier work we showed how the neutro
radius of 208Pb determines properties of the neutron-star s
face, such as the transition density from a solid crust t
liquid interior @27#. Furthermore, we argued that by compa
ing the neutron radius of208Pb ~a low-density observable! to
the radius of a neutron star~a high- and low-density observ
able! evidence may be provided in support of a phase tr
sition in dense matter@28#.

In the present work we show how the neutron radius o
heavy nucleus~such as208Pb) controls the density depen
dence of the symmetry energy. Unfortunately, the den
dependence of the symmetry energy (dasym/dr) is poorly
known. Thus a measurement of the neutron radius of208Pb
seems vital, as it will constrain the density dependence of
symmetry energy at low density. This, in turn, will allow
more reliable extrapolation of the symmetry energy and t
a more reliable determination of the proton fraction at t
higher densities required in the study of neutron-star str
ture. While in principle collective modes of nuclei, such
the giant-dipole or isovector-monopole resonances, are
sitive todasym/dr, in practice this sensitivity is small. More
over, the parameter sets used in the calculations~see various
tables! have been adjusted so that well-known ground-st
properties remain fixed while changing the neutron radi
This shows that existing ground-state information, such
charge densities or binding energies, does not determine
neutron radius uniquely. Thus the need for a n
measurement—such as the neutron radius in208Pb—that will
provide important information ondasym/dr.

The paper has been organized as follows. In Sec. II, r
tivistic effective-field theories for both dense matter and
nite nuclei are discussed. A large number of parameter
are considered so that the density dependence of the sym
try energy may be changed while reproducing exist
ground-state data. In Sec. III, results for the equilibrium p
ton fraction as a function of baryon density are presen
using interactions that predict different neutron radii
208Pb. Our summary and conclusions are offered in Sec.
In particular, we conclude that for models with a large ne
tron skin in 208Pb (Rn2Rp*0.25 fm) the symmetry energy
rises rapidly with density and the direct URCA cooling of
1.4M ( neutron star is likely. Conversely, if the neutron r
dius is small (Rn2Rp&0.20 fm), it is unlikely that the di-
rect URCA process occurs. In this case, the enhanced coo
of neutron stars may indeed require the presence of ex
states of matter, such as meson condensates, hyper
and/or quark matter.
3-2



d
s
s
d
d
o
th
o
o

th

al
,

al
el

ou
-

m

sy

he

ns.
tic
rmi

lear

-
tri-
e
ng
ger
h
-

ity.
on-
en-
y is

ol-

ve a

s

ra-

on-

m-
-

ful
or
-
n

3

h a

-
n-
s-
n

CONSTRAINING URCA COOLING OF NEUTRON STARS . . . PHYSICAL REVIEW C 66, 055803 ~2002!
II. FORMALISM

Our starting point will be the relativistic effective-fiel
theory of Ref.@29# supplemented with additional coupling
between the isoscalar and isovector mesons. This allow
to correlate nuclear observables sensitive to the density
pendence of the symmetry energy, such as the neutron ra
of 208Pb, with neutron-star properties, such as the thresh
mass for URCA cooling. As the density dependence of
symmetry energy is poorly known, uncertainties in these c
relations will be explored by considering a wide range
model parameters. The interacting Lagrangian density is
given by @27,29#

Lint5c̄Fgsf2S gvVm1
gr

2
t•bm1

e

2
~11t3!AmDgmGc

2
k

3!
~gsf!32

l

4!
~gsf!41

z

4!
gv

4~VmVm!2

1gr
2 bm•bm@Lsgs

2f21Lvgv
2VmVm#. ~3!

The model contains an isodoublet nucleon field (c) interact-
ing via the exchange of two isoscalar mesons, the sc
sigma (f) and the vector omega (Vm), one isovector meson
the rho (bm), and the photon (Am). In addition to meson-
nucleon interactions the Lagrangian density includes sc
and vector self-interactions. The scalar-meson s
interactions (k andl) soften the equation of state~EOS! of
symmetric nuclear matter at~and near! saturation density
while the v-meson self-interactions (z) soften the high-
density component of the EOS. Finally, the nonlinear c
plings (Ls and Lv) are included to modify the density de
pendence of the symmetry energy@27,28#.

The energy of neutron-rich matter may be written in ter
of the energy of symmetric nuclear matter (rp5rn) and the
symmetry energyasym(r). That is,

E

A
~r,t !5

E

A
~r,t50!1t2asym~r!1O~ t4!, ~4!

where the neutron excess has been defined as

t[
rn2rp

rn1rp
. ~5!

Herern is the neutron andrp the proton density, and

r5rp1rn[
2kF

3

3p2
. ~6!

The symmetry energy describes how the energy of the
tem increases as one moves away fromrp5rn . It is dis-
cussed in Ref.@28# where it is shown that it is given by

asym~r!5
kF

2

6EF*
1

gr
2

12p2

kF
3

mr*
2

, ~7!
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where kF is the Fermi momentum,EF* 5AkF
21M* 2, and

M* 5M2gsf0 is the effective nucleon mass. Further, t
effective rho-meson mass has been defined as follows:

mr*
25mr

212gr
2~Lsgs

2f0
21Lvgv

2V0
2!. ~8!

The symmetry energy is given as a sum of two contributio
The first term in Eq.~7! represents the increase in the kine
energy of the system due to the displacement of the Fe
levels of the two species~neutrons and protons!. This contri-
bution has been fixed by the properties of symmetric nuc
matter as it only depends on the nucleon effective massM* .
By itself, it leads to an unrealistically low value for the sym
metry energy; for example, at saturation density this con
bution yields;15 MeV, rather than the most realistic valu
of ;37 MeV. The second contribution is due to the coupli
of the rho meson to an isovector-vector current that no lon
vanishes in theNÞZ system. It is by adjusting the strengt
of the NNr coupling constant that one can now fit the em
pirical value of the symmetry energy at saturation dens
However, the symmetry energy at saturation is not well c
strained experimentally. Yet an average of the symmetry
ergy at saturation density and the surface symmetry energ
constrained by the binding energy of nuclei. Thus, the f
lowing prescription is adopted: the value of theNNr cou-
pling constant is adjusted so that all parameter sets ha
symmetry energy ofasym525.67 MeV atkF51.15 fm21(r
50.10 fm23) @27#. That is,

gr
25

mr
2 Dasym

kF
3

12p2
22~Lsgs

2f0
21Lvgv

2V0
2!Dasym

, ~9!

where Dasym[(asym2kF
2/6EF* ). This prescription ensure

accurate binding energies for heavy nuclei, such as208Pb.
Following this prescription the symmetry energy at satu
tion density is predicted~for Ls5Lv50) to be 37.3, 36.6,
and 36.3 MeV for the three families of parameter sets c
sidered in this work: namely, NL3@30#, S271@27#, and Z271
@27#, respectively~see various tables!. Moreover, all these
parameter sets reproduce the following properties of sy
metric nuclear matter:~i! nuclear saturation at a Fermi mo
mentum ofkF51.30 fm21, with ~ii ! a binding energy per
nucleon of 16.24 MeV, and~iii ! a nuclear incompressibility
of K5271 MeV. These values follow from the success
parametrization of Ref.@30# and, thus, have been adopted f
the other sets~S271 and Z271! as well. Yet the various pa
rameter sets differ in~i! their values for the effective nucleo
mass at saturation density,~ii ! the value of thev-meson
quartic coupling (zÞ0 for set Z271 but vanishes for the NL
and S271 sets!, and~iii ! the nonlinear couplingsLs andLv
~see various tables!. Note that changingLs or Lv modifies
the density dependence of the symmetry energy throug
change in the effective rho-meson mass@see Eq.~8!#. In
general, increasing eitherLs or Lv causes the symmetry en
ergy to soften—that is, to grow slower with increasing de
sity. This, in turn, allows for a larger neutron-proton mi
match or, equivalently, for a lower equilibrium proto
3-3



or
nt

xt.

C. J. HOROWITZ AND J. PIEKAREWICZ PHYSICAL REVIEW C66, 055803 ~2002!
FIG. 1. Proton fractionYp versus baryon den-
sity r for neutron-rich matter in beta equilibrium
for all parameter sets discussed in the text. F
every given set, the curves represent differe
values of the isoscalar-isovector coupling (Lv or
Ls) that yield the values ofRn2Rp indicated in
the inset. See also the various tables in the te
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fraction at high density. The neutron radius of208Pb also
depends on the density dependence of the symmetry en
A stiff density dependence~i.e., pressure! for neutron matter
pushes neutrons out against surface tension, leading
large neutron radius. The pressure of neutron-rich matter
pends on the derivative of the energy of symmetric ma
with respect to the density@dE(r,t50)/dr# and on the de-
rivative of the symmetry energy (dasym/dr). While the
former is well known, at least in the vicinity of the saturatio
density, the latter is not. Hence, by changing the values oLs
or Lv one can adjust the density dependence of the symm
energy dasym/dr, while keeping a variety of well-known
ground-state properties~such as the proton radius and th
binding energy of208Pb) unchanged. Note that parame
sets with a large ‘‘pressure,’’dasym/dr, yield a large neutron
radius in 208Pb.

III. RESULTS

In this section results are presented for various obs
ables that have been computed using an equation of stat
matter composed of neutrons, protons, electrons, and m
in beta equilibrium:

n↔p1e21 n̄e , ~10a!

TABLE I. Model parameters used in the calculations. The
rameterk and the scalar massms are given in MeV. The nucleon
rho, and omega masses are kept fixed atM5939, mr5763, and
mv5783 MeV, respectively—except in the case of the NL3 mo
where it is fixed atmv5782.5 MeV.

Model ms gs
2 gv

2 k l z

NL3 508.194 104.3871 165.5854 3.859920.01591 0.00
S271 505.000 81.1071 116.7655 6.683420.01580 0.00
Z271 465.000 49.4401 70.6689 6.169610.15634 0.06
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e2↔m21ne1 n̄m . ~10b!

These reactions demand that the chemical potential (m) of
the various constituents be related by the following equati

mn2mp5me5mm , ~11!

wheremn , mp , me , andmm represent the chemical poten
tials of neutrons, protons, electrons, and muons, respectiv
Neglecting the rest mass of the electron, Eq.~10b! is equiva-
lent ~for kF

e>mm) to the following equation expressed i
terms of the Fermi momenta of the electron and muon:

kF
e5A~kF

m!21mm
2 . ~12!

Finally, charge neutrality imposes the following constraint
the system:rp5re1rm or, equivalently,

~kF
p!35~kF

e!31~kF
m!3. ~13!

-

l

TABLE II. Results for the NL3 parameter set withLs50. The
neutron skin (Rn2Rp) of 208Pb is given along with the threshol
density for the direct URCA processrURCA , the corresponding pro-
ton fractionYp URCA , and the minimum mass neutron star whe
the direct URCA process is the allowedMURCA . Note that Rn

2Rp is given in fm,rURCA in fm23, andMURCA in solar masses.

Lv gr
2 Rn2Rp rURCA Yp URCA MURCA

0.0000 79.6 0.280 0.205 0.130 0.838
0.0050 84.9 0.266 0.233 0.131 0.944
0.0100 90.9 0.251 0.271 0.132 1.224
0.0125 94.2 0.244 0.293 0.133 1.435
0.0150 97.9 0.237 0.319 0.134 1.671
0.0200 106.0 0.223 0.376 0.135 2.123
0.0250 115.6 0.209 0.442 0.136 2.449
3-4
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For a given proton Fermi momentum, the correspond
Fermi momenta for the electrons and the muons are rea
obtained by solving Eqs.~12! and ~13!. With these in hand,
Eq. ~11! determines the equilibrium neutron (Yn5N/A) and
proton (Yp5Z/A) fractions in the system.

In Fig. 1 the proton fractionYp for matter in beta equilib-
rium is shown as a function of the baryon density for
models discussed in the text~see Table I!. The various curves
displayed in each panel are for values ofLs or Lv that give
the indicated values for the neutron skin of208Pb. Note that
the neutron skin of a nucleus is defined as the differe
between the neutron (Rn) and proton (Rp) root-mean-square
radii. All of the curves yield the same proton fraction at lo
density (kF51.15 fm21 or r'0.1 fm23) because the sym
metry energy has been adjusted toasym525.67 MeV in order
to reproduce the binding energy208Pb. The proton fraction
increases more rapidly with density for those parameter
that yield larger neutron radii in208Pb ~namely, those with a
stiffer symmetry energy!. Thus, the neutron radius of208Pb
constrains the slopedYp /dr at normal densities. This en
ables one to make a more reliable extrapolation ofYp to the
higher densities where it displays some model dependen

The direct URCA process is viable only when the prot
fraction is large enough to conserve momentum in the n

TABLE III. Results for the S271 parameter set withLs50. The
neutron skin (Rn2Rp) of 208Pb is given along with the threshol
density for the direct URCA processrURCA , the corresponding pro
ton fractionYp URCA , and the minimum mass neutron star whe
the direct URCA process is the allowedMURCA . Note that Rn

2Rp is given in fm,rURCA in fm23, andMURCA in solar masses.

Lv gr
2 Rn2Rp rURCA Yp URCA MURCA

0.000 85.4357 0.254 0.224 0.130 0.830
0.005 88.3668 0.246 0.252 0.132 0.894
0.010 91.5061 0.238 0.296 0.133 1.059
0.015 94.8767 0.230 0.374 0.135 1.429
0.020 98.5051 0.221 0.501 0.137 1.938
0.025 102.4221 0.214 0.663 0.139 2.248
0.030 106.6635 0.205 0.843 0.140 2.343

TABLE IV. Results for the Z271 parameter set withLs50. The
neutron skin (Rn2Rp) of 208Pb is given along with the threshol
density for the direct URCA processrURCA , the corresponding pro
ton fractionYp URCA , and the minimum mass neutron star whe
the direct URCA process is the allowedMURCA . Note that Rn

2Rp is given in fm,rURCA in fm23, andMURCA in solar masses.

Lv gr
2 Rn2Rp rURCA Yp URCA MURCA

0.000 90.2110 0.241 0.242 0.131 0.816
0.010 92.5415 0.235 0.274 0.132 0.862
0.020 94.9956 0.228 0.332 0.134 0.971
0.025 96.2721 0.225 0.386 0.135 1.079
0.030 97.5834 0.222 0.500 0.137 1.270
0.035 98.9310 0.219 0.747 0.139 1.498
0.040 100.3162 0.215 1.028 0.141 1.583
05580
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tron beta decay reaction of Eq.~2a!. Hence, for this reaction
to proceed, the Fermi momenta of neutrons, protons,
electrons must satisfy the following relation:

kF
n<kF

p1kF
e . ~14!

The URCA threshold densityrURCA is defined as the densit
at which the equality (kF

n5kF
p1kF

e) is satisfied. Note that in
the simplified case of matter without muons—that is,kF

e

,mm and kF
p5kF

e—the proton fraction at the onset of th
direct URCA process isYp51/9;0.111. In the opposite
limit, kF

e@mm , the threshold proton fraction isYp;0.148.
Thus, the threshold proton fraction must be contained wit
these two values for all baryon densities~see Tables II–V!.
In Fig. 2 the URCA threshold density is displayed as a fun
tion of the neutron skinRn2Rp of 208Pb. There is a clear
tendency forrURCA to decrease with increasing neutron sk
Recall that a large neutron skin implies a stiff symme
energy and a large proton fraction. Thus the onset for
direct URCA process for models with large neutron sk

TABLE V. Results for the Z271 parameter set withLv50. The
neutron skin (Rn2Rp) of 208Pb is given along with the threshol
density for the direct URCA processrURCA , the corresponding pro-
ton fractionYp URCA , and the minimum mass neutron star whe
the direct URCA process is the allowedMURCA . Note that Rn

2Rp is given in fm,rURCA in fm23, andMURCA in solar masses.

Ls gr
2 Rn2Rp rURCA Yp URCA MURCA

0.000 90.2110 0.241 0.242 0.131 0.816
0.010 96.3974 0.229 0.287 0.133 0.901
0.020 103.4949 0.216 0.366 0.135 1.078
0.030 111.7205 0.204 0.488 0.137 1.300
0.040 121.3666 0.191 0.636 0.139 1.467
0.050 132.8358 0.178 0.789 0.140 1.560
0.060 146.6988 0.164 0.936 0.141 1.605

FIG. 2. Threshold density for the direct URCA process vers
the predicted neutron skin (Rn-Rp) of 208Pb. Parameter sets NL3
S271, and Z271v use a nonzero value forLv while Z271s uses a
nonzeroLs.
3-5
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C. J. HOROWITZ AND J. PIEKAREWICZ PHYSICAL REVIEW C66, 055803 ~2002!
occurs at low baryon densities. Indeed, parameter sets
neutron skins ofRn2Rp*0.24 fm yield a relative low
URCA density ofrURCA&0.30 fm23. This density is only a
factor of 2 larger than normal nuclear matter saturation d
sity (r0'0.15 fm23). In contrast, ifRn2Rp&0.21 fm, the
onset for the URCA process is above 3r0.

The structure of spherical neutron stars in hydrosta
equilibrium is solely determined by the equation of state
neutron-rich matter in beta equilibrium. Having specified t
equation of state, we determine the mass of neutron stars
may cool via the direct URCA process by integrating t
Tolman-Oppenheimer-Volkoff equations. Our treatment
the low-density crust, where the matter in the star is nonu
form, will be discussed in a later work@31#. This region,
however, has almost no effect on neutron-star masses
mentioned earlier, we consider matter composed of neutr
protons, muons, and~massless! electrons. In Fig. 3 we dis
play, as a function of the neutron skin in208Pb, the mass of
a neutron star whose central density equals the URCA d
sity (rURCA) of Fig. 2. Neutron stars with larger masses, a
thus higher central densities, will cool by the direct URC
process; those with lower masses will not. There is an ob
ous trend for this threshold mass to decrease with increa
Rn2Rp . Recall that the onset for URCA cooling in mode
with large neutron skins occurs at low baryon densities, t
lower ‘‘URCA masses.’’ If the neutron skin of208Pb is less
than aboutRn2Rp&0.20 fm, then all parameter sets cons
ered in this work predict that a neutron star of 1.4M ( will
not undergo URCA cooling. Conversely, ifRn2Rp
*0.25 fm, then all parameter sets allow URCA cooling f
1.4M ( neutron star. Note that all well-measured neutr
stars have masses near 1.4M ( @32#. The threshold neutron
star mass for the direct URCA process,MURCA, depends on
both the ‘‘critical’’ URCA densityrURCA ~of Fig. 2! and on
the equation of state at low and high densities. Yet the n
tron skin of 208Pb constrains only the low-density EOS@24#,
thereby generating the model dependence displayed by

FIG. 3. Threshold neutron-star mass for the direct URCA p
cess versus the predicted neutron skin (Rn-Rp) of 208Pb. Parameter
sets NL3, S271, and Z271v use a nonzero value forLv while Z271s
uses a nonzeroLs.
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3. In particular, the radius of a neutron star, although cor
lated toRn2Rp , is not determined uniquely by it@28#. This
suggests that models with a stiff EOS at high density, suc
the NL3 parameter set, will yield neutron stars with re
tively large radii and low central densities. This implies, f
example, that for a fixed central density ofrURCA
50.3 fm23, the NL3 set ~with large radii! generates an
URCA mass of MURCA.1.4M ( ; in contrast, the softer
Z271s set~with small radii! yields an URCA mass of only
MURCA.1M ( . Equivalently, to make aMURCA51.4M (

neutron star the NL3 set requires an interior density
rURCA50.3 fm23, while a central density almost twice a
large is needed for the Z271s set to generate the same
neutron star. These facts suggest that an accurate mea
ment of neutron-star radii may reduce the model depende
~i.e., the spread! observed in Fig. 3. Yet even without furthe
constraints the spread is relatively small and a measurem
of Rn2Rp in 208Pb may still prove decisive.

We conclude this section with a brief comment on tw
recent references to the isolated neutron star RX J1856
3754 that suggest, as a result of a revised distance mea
ment, a rather stiff EOS@33,34#. In Ref. @34# Braje and Ro-
mani constrain the radius of a 1.5M ( neutron star to the
relatively narrow range ofR513.760.6 km @34#. If con-
firmed, such a ‘‘large’’ neutron-star radius will exclude mo
soft equations of state@25#. In Ref. @33# Walter and Lattimer
suggest the more conservative limit for RX J185635-3754
M.(1.760.4)M ( andR.11.462.0 km. These values ex
clude only the softest equations of state@25#.

To make contact with the above two references, we d
play in Fig. 4 the radius of a 1.4M ( neutron star as a func
tion of the neutron skin of208Pb. While the figure shows a
definite correlation—R(1.4M () grows with increasing
Rn-Rp—a model dependence develops because the radiu
a 1.4M ( neutron star depends on the EOS at low and h
densities whileRn is insensitive to the high-density compo
nent of the EOS. Yet this model dependence could be
duced from an accurate mass-radius determination. Altho
a stiff EOS does not guarantee a large neutron radius

-
FIG. 4. Radius of a 1.4M ( neutron star versus the predicte

neutron skin (Rn-Rp) of 208Pb. Parameter sets NL3, S271, an
Z271v use a nonzero value forLv while Z271s uses a nonzeroLs.
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208Pb, a large neutron star radius is suggestive of a largeRn
which, as we have argued earlier, should allow the dir
URCA cooling of a 1.4M ( neutron star. This suggestion a
pears to be in agreement with the young age of RX J1856
3754 which, at 53105 years@33#, appears to require som
form of enhanced cooling@34#. Thus, the upcoming measure
ment of the neutron radius in208Pb, when combined with a
mass-radius determination, should place stringent constra
on the EOS.

IV. SUMMARY AND CONCLUSIONS

Recent x-ray observations suggest that some neutron
cool quickly. This enhanced cooling could arise from t
direct URCA process—which requires a high prot
fraction—or from the beta decay of additional hadrons
dense matter, such as pions, kaons, hyperons, or quarks
it seems unlikely that x-ray observations alone will det
mine the origin of the enhanced cooling.

In this work we propose to use a laboratory experimen
constrain the direct URCA process in neutron stars. The
ity Radius Experiment at the Jefferson Laboratory@22,23#
aims to measure the neutron radius of208Pb accurately and
model independently via parity-violating electron scatterin
For the direct URCA process to be realized, the equilibri
proton fraction in the star must be large. The equilibriu
proton fraction is determined by the symmetry energy, wh
density dependence can be strongly constrained throu
measurement of the neutron radius in208Pb. Such a measure
ment could provide a reliable extrapolation of the prot
fraction to higher densities. Thus, predictions for the neut
radius in 208Pb have been correlated to the proton fraction
dense neutron-rich matter by using a wide range of rela
istic effective-field theory models. We find that models w
a neutron skin in208Pb ofRn2Rp&0.20 fm generate proton
fractions that are too small to allow the direct URCA proce
in 1.4M ( neutron stars. Conversely, ifRn2Rp*0.25 fm,
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then all models predict the URCA cooling of 1.4M ( stars.
While this paper has focused on relativistic effecti

field-theory models, we expect our conclusions to be gen
and applicable to other approaches, both relativistic and n
relativistic. For example, the nonrelativistic equation of st
of Friedman and Pandharipande@16# predicts too small a
proton fraction for URCA cooling to be possible. Moreove
this equation of state yields a neutron skin in208Pb of only
Rn2Rp50.1660.02 fm @24#. Thus, these results are full
consistent with Fig. 3 that predicts no URCA cooling f
such a small value ofRn2Rp .

The equation of state considered in this work consists
matter composed of neutrons, protons, electrons, and mu
in beta equilibrium; no exotic component was invoked. F
ther, no explicit proton or neutron pairing was consider
Nucleon superfluidity is an accepted phenomenon in nuc
physics and superfluid gaps are important for the cooling
neutron stars@14#. Thus, the study of pairing gaps in relativ
istic effective-field theories is an important area of futu
work; first steps in this direction have been taken in R
@35#. In particular, the proton-pairing gap in matter with
high proton concentration must be computed@15#.

In summary, the feasibility of enhanced cooling of ne
tron stars via the direct URCA process was studied by c
relating the proton fraction in dense, neutron-rich matter
the neutron skin of208Pb. Thus, a measurement of the ne
tron radius in 208Pb may become vital for confirming~or
dismissing! the direct URCA cooling of neutron stars. If d
rect URCA cooling is ruled out, then observations of e
hanced cooling may provide strong evidence in support
exotic states of matter, such as meson condensates and
matter, at the core of neutron stars.
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