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Unmasking the nuclear matter equation of state
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Accurately calibratedor “best fit”) relativistic mean-field models are used to compute the distribution of
isoscalar-monopole strength #Zr and 2°%Pb, and the isovector-dipole strength?i¥Pb using a continuum
random-phase-approximation approach. It is shown that the distribution of isoscalar-monopole strength in
208pp—put not in®%Zr—is sensitive to the density dependence of the symmetry energy. This sensitivity hinders
the extraction of the compression modulus of symmetric nuclear matter from the isoscalar giant monopole
resonancg¢lSGMR) in 2%%Ph. Thus, one relies o¥Zr, a nucleus with both a small neutron-proton asymmetry
and a well developed ISGMR peak, to constrain the compression modulus of symmetric nuclear matter to the
rangeK=(248+8 MeV. In turn, the sensitivity of the ISGMR iR%Pb to the density dependence of the
symmetry energy is used to constrain its neutron skin to the rRpg®&,=0.22 fm. The impact of this result
on the enhanced cooling of neutron stars is briefly addressed.
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Constraining the equation of statEOS of neutron-rich  the energy systematics of medium to heavy nuclei, when
matter remains a fundamental problem in nuclear physiceombined with accurately calibrated models, place the satu-
and astrophysics. The stability of neutron-rich nu¢lgj the  ration point of symmetric nuclear matter at a densitypgf
dynamics of heavy-ion collisioni2,3], the structure of neu- =0.15 fni3 (k(F’zl.S fm) and a binding energy per
tron starg/4], and the simulation of core-collapse supernovanucleon ofsy=-16 MeV. It should be noted that one of the
[5.6], all depend sensitively on the EOS. Unfortunately, ourmain virtues of the above Taylor-series expansion around
window to the EOS is limited by terrestrial experiments thatsaturation densityEqg. (1)] is that the linear term ir¢ for
have, until now, probed stable nucleonic mattefatclose = symmetric nuclear matte(i.e., the pressujeautomatically
to) nuclear-matter saturation density. Fortunately, dramatizanishes. Yet no suchpecial saturation point exists in the
improvements are unfolding on several fronts. First, thecase of the symmetry energy. Indeed, the symmetry energy at
commissioning of new radioactive-beam facilities all oversaturation density is not well known. Rather, it is the sym-
the world will probe the EOS at large neutron-proton asyM-metry energy at the lower density Gf=0.10 fnr3 (“Rg
metries. By_de_fmlng thg limits of nuclear existence, these_ 1 15 frrl) that seems to be accurately constrairea
exotic nuclei will constrain the EO_S_ of neutron-rich matter at ithin 1 MeV) by available ground-state observabl8siq.

(and beloy normal nuclear densmes. Second, Space'base\ashould be emphasized that present-day experiments can fix
tglescope; have started to place important constraints on t%‘?‘uly oneisovectorquantity. If one insists—and one should
high-density component of the EQS,8]. New telescopes " o constraining the parameters of the symmetry energy

operating at a var_lety of yvay_elen_gths are turnlng neutr(_)rht saturation density, then one would find a strong correlation
stars from theoretical curiosities into powerful d'agnOSt'Camong its parametetd, L, K ) [10]. For example, rela-
L] ) syms = - . 1

tools. tivistic models consistently predict larger values for both the

The nuclear matter equation of state is conveniently pa'symmetry-energy coefficient and the slope. at saturation

rametrized in terms of the energy of symmetric nuclear mat-

. . density relative to nonrelativistic Skyrme models. This must
ter (B/.A) and the symmetry energis/ A) in the following " " - odels are to reproduce the value of the symme-

form: . .
try energy at the lower Fermi momentum kﬁ Thus, in the
EIA(Kg,b) = M = BIA(ke) + b2SI A(kg) + O(b%) present contribution we adopt the following convention: the
1 symmetry energy is expanded arOLTrﬁiz 1.15 fnt and t[le
= (80+ §K§2 + ) value of the symmetry energy ak? is fixed at J

=25.67 MeV. That is,

2 St S
+b(J+Lf+2stmf+ - @ SIA(Ke) =T+ LE+ VoK -, 2

Here the deviation from the equilibrium Fermi momentum is ~ ~0. I .
denoted byé= (ke ~k2) /K2, thg neutron-proton asymmetry whereé=(k=—k2)/k2. Note that henceforth “tilde quantities

by b=(N-2)/A, and the various coefficient,J,L,Ks,,) ~ 'efer to parameters of the symmetry energy et

parametrize the density dependence of the EOS aroung 1.15 fntt. o
saturation density. Having established that existing ground-state observables

. . ; i i 0
Seven decades of nuclear physics have placed importag€curately determine the binding energy per nuclepat ke
constraints on the nuclear matter equation of state. Indeed@nd the symmetry-energy coefficiehtat k2, how can one
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constrain any further the density dependence of the equationhere ®=g;¢, W,=g,V,, and B,=g,b,. The Lagrangian

of state? In the case of symmetric nuclear matter, the dynangensity includes Yukawa couplings of the nucleon field to a
ics of small density fluctuations around the saturation point isscalar(¢) and to three vectofV#, b#, and A*) fields. In
controlled by the compression modulls The isoscalar gi- addition to the Yukawa couplings, the Lagrangian is supple-
ant monopole resonan¢éSGMR) in heavy nuclei has long mented by three nonlinear meson interactions. The inclusion
been regarded as the optimal observable from which to deof scalar-_meson interactiortsia « _and \) is used to sof’gen
termine the compression modul(isl]. This is especially the equation of state of symmetric nuclear matter, while the
true now that thebreathing modehas been measured on a Mixed isoscalar-isovector couplirig.,) modifies the density
variety of nuclei with unprecedented accurdadg]. In con-  dependence of the symmetry energy—without affecting
trast, the density dependence of the symmetry energy jwell-known ground-state properties. Note that this last term
poorly constrained. Indeed, one may fit a variety of ground-Vas absent from Ref22], so the softening of the symmetry
state observablgsuch as charge densities, binding energies€N€'9y had to be done artificially. This drawback has now

; ; ; ; been corrected.
and single-particle spectrasing accurately calibrated mod- A .
els that, nevertheless, predict a wide range of values for th The relativistic mean-field models employed here are mo-

neutron skin of2%%Pb [13]. As the neutron skin of a heavy fivated by the enormous success of the NL3 parametrization

I s ot | lated to the sl £ 1h i 19]. For a detailed description of the fitting procedure used
nucleus is strongly correlated 1o the slope of € SYmmelty, oo ate the NL3 interaction and for its many successful
energy[9,1(), measuring the skin thickness of a single heavy redictions, we refer the reader to Rgf7]. The NL3000 set

nucleus will constrain the density dependence of the symm ised herghaving A, =0) is practically identical to the origi-

try energy. T_he Parity Radius Experiment a.t ”g)e Jeffersoq]al NL3 model. The other sets are obtained by adding an
Laboratory aims to measure the neutron radius’éb ac- isoscalar-isovector coupling, # 0, while at the same time

curately (to within 0.05 fm and model independently via P :
parity-violating electron scatterind4,15. This experiment readjusting the strength of téNp coupling constantg,) tg

should provide a unique observational constraint on the deffaintain the  symmetry-energy = coefficient fixed dt
sity dependence of the symmetry energy. =25.67 MeV(see discussion a_bo)zeThe values adopted for
While the above arguments suggest a clear path towarll® iSoscalar-isovector coupling range frofg=0 to A,
constraining the density dependence of the EOS, theoretice_rlo_-o“- Introducing this extra model parameter enables one to
uncertainties have clouded these issues. First and foremost@§iust the poorly known density dependence of the symme-
the apparent discrepancy between nonrelativistic and relatiyfy €nergy and, in turn, the neytron skin of heavy nuclei. For
istic predictions for the value of the compressional modulu€*@mple, the neutron-skin ofPb ranges fromR,-R,
of symmetric nuclear matter required to reproduce the0-28 fm, for the set with the stiffest symmetry energy
ISGMR in 2%%Pb. While nonrelativistic models predig¢  (NL3000), all the way down t&,-R,=0.17 fm, for the soft-
~220-235 MeV[16-19, relativistic models argue for a est pargmeter s¢NL3040). Note that the label attached to
significantly larger valuek =250—-270 MeV[19-21. Fur- the various parameter se(s.JLSOOO, ,NL304Q) reflects
ther, relativistic models systematically predict larger valuedhe value of the isoscalar-isovector couplidg. For ex-
for the neutron skin of?°%Pb relative to nonrelativistic ample, the parameter set NL3020 indicates that the Lagrang-
Skyrme models. One of the goals of this contribution is tol@n density in Eq.(3) includes an isoscalar-isovector cou-
show that these two points are related. Indeed, the aim of thigling constant equal ta\,=0.020. The aim of this added
contribution is twofold. First, to vindicate—through the ex- coupling is to change the neutron density of heavy nuclei,
clusive use of accurately calibrated models—our previougvhile leaving intact ground-state observables that are well
assertion that the distribution of ISGMR in heavy nuclei, andconstrained experimentally. One should stress that the addi-
therefore the inferred value &, is sensitive to the density tion of A, has no impact on the properties of symmetric
dependence of the symmetry enef@g]. Second, to rely on nuclear matter, so the saturation properties remain un-
existing data on the isoscalar giant-monopole resonance #hanged. In summary, all the models used in this contribu-
9%7r and 2%8Pb [12], and on the isovector giant-dipole reso- tion share the following proper_tles with the original NLs_’
nance in2%%Pb [23], to set limits—simultaneously—on the Model of Ref.[19]: for symmetric nuclear matter, a Fermi
compression modulus of symmetric nuclear matter and offfomentum at saturation &£ =1.30 fn7* with a binding en-
the neutron skin of%Pb. Note that since first proposgzR], ~ €9y per nucleon of,=-16.24 MeV, and a compression
other groups have addressed the possible impact of the defitodulus of K=271 MeV. For the symmetry energy, a
sity dependence of the symmetry energy on the ISGMR irsymmetry-energy coefficient a3=25.67 MeV at a Fermi

2%Pb[21,24,23. S . ~ momentum ok?®=1.15 fn2.
The starting point for the calculations is an interacting while the success of the NL3 interaction in reproducing
Lagrangian density of the following forifi3,28: ground-state propertigsuch as binding energies, charge ra-

dii, energy separations, efcfor a variety of nuclei all
throughout the periodic table is well documented, we display

_ 9 e in Table | ground-state properties for only the two nuclei of
Lin=| b= |GVt 57 b+ S+ m)A, ¥ relevance to this contribution, nameffzr and 2°Pb. Note
that a center-of-mass correction equal ta
—£<1>3—A<D4+A (W, W¥)(B,, - BX) 3) =(3/4)41A %" has been applied to the binding energy per
3! 41 v " ' nucleon. However, even these accurately calibrated models
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TABLE I. Binding energy per nucleon, root-mean-square charge radius, neutron-minus-proton root-mean-
square radius, compression modulus for asymmelric0.111 angl nuclear matter, and peak and centroid
ISGMR energies foP°Zr in the various models discussed in the text. The binding energy includes a center-
of-mass correction of —0.08 MeV/nucleon, while the centroid enangym, (enclosed in square brackgts
was computed by generating the distribution of strength in the range«l826 MeV. The second set of
numbers in the table are f8P%Pb (b=0.212 with a center-of-mass correction of —0.02 MeV/nucleon and a
centroid energy extracted from a distribution of strength generated in the range®3 MeV. Experimen-
tal centroid energies extracted from REE2].

Model B/A (MeV) ren (fM) R,—Rp (fm) Kp (MeV) Eisemrlmi/mg] (MeV)
NL3000 8.69 4.26 0.11 263.13 18.108.62
NL3010 8.69 4.26 0.10 263.76 18.148.67
NL3020 8.70 4.26 0.09 265.23 18.158.69
NL3030 8.70 4.27 0.08 266.84 18.208.75
NL3040 8.70 4.27 0.07 268.32 18.288.77

Experiment 8.71+£0.01 4.26+0.01 Unknown Unknown [17.89+0.20

NL3000 7.87 5.51 0.28 242.93 14.354.32
NL3010 7.89 5.51 0.25 244.22 14.4%4.43
NL3020 7.91 5.51 0.22 248.88 14.624.57
NL3030 7.91 5.52 0.20 254.46 14.824.74
NL3040 7.92 5.53 0.17 259.87 15.084.97

Experiment 7.87+£0.01 5.50+£0.01 Unknown Unknown [14.24+0.1]

predict a wide range of values for the neutron skif®Pb, itself into the near collapse of all curves in Fig. 1 into a
confirming that the neutron skin of a heavy nucleus is nosingle one, so that the former may directly constrain the
tightly constrained by known nuclear observables. The fifthcompression modulus of symmetric nuclear matter. In con-
column in the table displays the compression modulus ofrast to%%Zr, the distribution of ISGMR strength i#%Pb is
asymmetrimuclear matter with a neutron-proton asymmetrysensitive to the density dependence of the symmetry energy
corresponding td°Zr (b=0.111) and?°%b (b=0.212. Itis  While this sensitivity should be sufficient to constrain the
this quantity—not the compression modulus of symmetricdensity dependence of the symmetry energy, one could do
nuclear matter—that is constrained by the breathing mode afven better. Indeed, one may constrain the density depen-
nuclei. This simple fact makes the connection between théence of the symmetry energy by demanding that both the
measured ISGMR and the compression modulusyaimet- ISGMR and the isovector giant-dipole resonariB¢GDR)

ric nuclear matter sensitive to the density dependence of thi@ °Pb be simultaneously reproduced. The distribution of
symmetry energy. Recall that the compression modulus asovector-dipole strength if%Pb is displayed in Fig. 3. We
symmetric nuclear matter was fixed in all models Kat  note that the isovector-dipole response gets hardened as the
=271 MeV, yet for(b=0.212 asymmetric nuclear matter the

compression modulus ranges from 243 M@bdr the stiffest (U il L LN LN LS RN RN LN LR RN REE
symmetry energyall the way up to 260 Me\(for the softest oosf- | = N1 3 *7r (ISGMR)
symmetry energy Finally, the last column in the table .— . NL3020 q=45.5 MeV
shows peak and centroid energies for the ISGMRr and _ 007E" |- NL3oso =05 MeV

2%%Pb computed in a relativistic random-phase approximation=,, 0.06
(RPA). The distribution of isoscalar-longitudinal strength <

S (g,w) from which the centroid energies have been ex- =
tracted is displayed in Figs. 1 and 2, respectively. As ex- i
pected, there is a strong correlation between the centroic o+ 0.03
energies and the compression modulus afymmetric

nuclear matter. One should note in passing that the con
tinuum RPA formalism employed here, but reported else- 001

where[28,29, respects important symmetries of nature, such o L Lo b bea Lo b Lo b Leaa Lo
as translational invariangén the form of Thouless’ theorem e
[30,31) and the conservation of the vector current.

The great advantage of a nucleus sucf%sis that it has FIG. 1. Distribution of isoscalar-monopole strength®r at a

both a well developed isoscalar-monopole peak and a smaléference momentum transfer g=45.5 MeV. The response in-
neutron-proton asymmetrgh=0.111). The latter manifests cludes a small artificial width of 0.5 MeV.
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FIG. 2. Distribution of isoscalar-monopole strengtt?#Pb at a Esovr MeV)
reference momentum transfer qE=45.5 MeV. The response in- . ) ]
cludes a small artificial width of 0.5 MeV. FIG. 4. Comparison between theoretical and experimental

ISGMR centroid and IVGDR peak energies f3fPb. Quantities in
symmetry energy is softened. As all models share the sanf@rentheses represent the predictions for the neutron slaPFrid
e o 1 in the various models discussed in the text.

value of the symmetry-energy coefficient kff=1.15 fni?,
the hardening of_the response follows as g_result of the syn®®8pp  are displayed in Fig. 4, alongside the experimental
metry energy being higher at tiflow) densities relevant to values[12,23. The numbers in parentheses indicate the pre-
the isovector-dipole modg1]. dicted values for the neutron skin #®Pb. The figure sug-

To constrain simultaneously the compression modulus ofjests that models with neutron skins 3¥Pb larger than
symmetric nuclear matter and the neutron radius®Pb, R,—R,=0.22 fm may have an unrealistically stiff symmetry
one starts by noticing that the theoretical centroid energy oénergy. o _
the ISGMR in®%Zr overestimates the experimental value by In summary, relativistic mean-field models have been
about 1 MeV . Although a proper adjustmenttohould be used to compute the distribution of isoscalar-monopole
done through a recalibration of parameters, a simple, yet agtrength in*Zr and®**Pb, and of isovector-dipole strength in
curate estimate may be obtained via the following scaling®®Pb using a continuum RPA approach. It was
relation: Eiseur VK [17]. Using this relation and account- demonstrated—usmg_ e>_<c|u5|v_ely accurately calibrated
ing for experimental uncertainties, an adjustment of abou_[nodels—.that thg_dlstr|but|on of |§oscalar—monopole strength
20 MeV in K is required to reproduce the ISGMR #zr. N 2%%pp s sensitive to the density dependence of the sym-
That is, K=271 MeV— K=(248+8 MeV. This adjustment metry energy. Further, existing experimental data were used
in K induces a corresponding correction in the calculated® S€t limits on both the compression r_“‘gd“'us of symmetric
values of the ISGMR irf%Pb. The centroid energies after nuclear matter and on the neutron skin?8fPb. It appears

correction, together with the peak energies of the IVGDR inthat medium-mass nuclei having a WeII-deveIopcgd ISGMR
peak and a small neutron-proton asymmesiych as’°Zr but

not 2°%b) allow for the best determination of the compres-
R L o o e e e e e B B sion modulus of symmetric nuclear matter. In turn, the sen-
sitivity of the ISGMR and the IVGDR if%Pb to the density
dependence of the symmetry energy may be used to impose
constraints on the neutron skin 8%Pb. From the present
analysis, a compression moduluskof (248+8 MeV and a
neutron skin in?®Pb of R,~R,=0.22 fm were obtained.
These values appear closer to those predicted in nonrelativ-
istic studies. Further, it is also gratifying to see that the gap
narrows among seemingly distinct relativistic models. In-
deed, having adjusted the compression modulusKto
=(248+8 MeV, the NL3040 parameter set suggests the fol-
lowing values for three essential observable$’f®b: a neu-
7 tron skin of R,-R,=0.17 fm, a centroid ISGMR energy of
oLy -lll- L -1|2| L '1Iz' 1 |1|4- L '1|s' L Eiscmr=14.2£0.2 MeV, and a peak IVGDR energy of
o (MeV) - E,VGDR:13.1 MeV. These values s_hoyld be c;ompa_red to the
recent predictions by Vretenar, Niksiand Ring using an
FIG. 3. Distribution of isovector-dipole strength #%b at a  accurately calibrated model containing density-dependent
reference momentum transfer gqE45.5 MeV. The response in- coupling constant$21]. Using a compression modulus of
cludes a small artificial width of 0.5 MeV. K=250 MeV, they obtain a neutron skin oR,—-R,

—— NL3000 “py, (IVGDR)

T NEsoio q=45.5 MeV

» =+ NL3020 O\
. =+« NL3030 R N n=0.5 MeV

== NL3040

W

(=)

S, (4,0) (MeV')
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=0.175fm, a centroid ISGMR energy offsgur  Neutron skin in%%Pb larger tharR,~R,=0.24 fm. In view
=13.9 MeV, and a centroidet peak—IVGDR energy of  of our present findings, this now seems unlikely. Thus, the
Evepr=13.6 MeV. possibility that 3C58 harbors an exotic star, such as a quark
We conclude with a comment on the impact of these restar, looms large.
sults on the cooling of neutron stars. In earlier publications
we have demonstrated how improved values for neutron ra- The author is grateful to the organizers of the Interna-
dii could have a widespread impact on the structure and dytional Workshop on “Nuclear Response under Extreme Con-
namics of neutron stafd.3,26,32,3R In particular, we sug- ditions” in Trento and to the ECT* for their support and
gested that the enhanced cooling of the neutron star in 3CS&spitality. This work was supported in part by the U.S. De-
[34] may be due to the conventional URCA process—partment of Energy under Contract No. DE-FGO05-
provided the symmetry energy is stiff enough to generate 8&2ER40750.
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