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The equation of state of asymmetric matter including the relativistic exchange and correlation parts is
calculated in ther-w model. The results are discussed in comparison with empirical informations and phe-
nomenological approaches. Neutron star matte® @guilibrium and the resulting neutron star masses are also
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[. INTRODUCTION tial for T=0 can be derived most conveniently by utilizing
the path integral formalisth19]. The result up to the next-
There has been much interest recently in the equation db-leading term is
state (EOS of isospin-asymmetricN# Z) nuclear matter,

mainly in connection to the physics of supernova explosions ) ’

[1] and neutron star®?], and to the structure of neutron-rich 9: E< 2 %<w°>2—ij d?*k Trin S
nuclei [3] and collisions between thef#]. To achieve a v 2\’ 2 (2m)*

consistent description of these phenomena, which are related

to both the high and low density behavior of the EOS, rela- i d*k

tivistic meson-nucleon models are often u§gfl As long as + Ef (2 trin A(k)+c.t, i)

one remains within the mean field approximation, one has to
introduce nonlinear mesonic self-interactidi®s-9] in order

to geta reasonablg incompressibility, which is a key paramwhere(---) denotes the matter expectation value, &(k)
eter in supernova simulatiof$0,11] and analyseg of nuclear =(K—M*+ie1-20(k))O(u* —ko)]} 2 is the nucleon
breathing mode$12-16. On the other hand, it has been ¢ t V% = M — Th= (K4 u* K
shown[17] that a softening of the EOS can also be achievec]_|a(; refz_progaga o(r) WIA K i hg"< o), bi c(j 1K),
by including the relativistic exchange and random-phase'C 4~ =~ K 9u{@”). A(K) '3 the cgm '(?e T rzneson
approximation{RPA-) type correlations terms in the frame- RPA-type propagatof19], and Tr and tr denote the traces

work of the - model in its simplest fornfiL8]. The results with respect to the generalized Dirac and Lorentz indices,

obtained for symmetric matter and neutron matter indicate gespectlvely. The counterterni6.t) include the subtraction

basic agreement with the empirical information. In this WorkOI;]heT;]/:CE:rT;;Sntrr]'ggtt'gi?]s’u?;riiggea?izfﬁrr?'rgﬁj tﬁi IlgPRAe-f.
we will extend this EOS to asymmetric matter and neutro : 9 9 9

star matter in3 equilibrium, and discuss the results in terms ype meson propagators are eliminated following Redmond's

of phenomenological parametrizations, empirical data on gi[nethOd [20] based on the Kten-Lehmann representation

ant monopole resonances, and neutron star masses.
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Il. MODEL FOR THE EOS

300
The derivation of the EOS of symmetric matter in Ref.

[19] was based on the-w model Lagrangiafl8]

200

L=y(ib—M+g,0—g,d) ¢+ 3[(3,0)2—mZa?]
100

P (MeV fm™3)

—5(0,0,— 3,0,)°+ M0, (1)

and the 1IN expansion, wherdl refers to the isospin SW), or

TN ST [ R ST [N [N T TR ST N1
and in the present context one identifits=2. In this 0.0 01 02 03 04 05 06 07 08 0.9
scheme, the relativistic Hartree approximati@®HA) gives tm=3
the leading contribution, and the next-to-leading term con- PB ( )
sists of the exchange and RPA-type correlations including FIG. 1. Pressure as a function of baryon density for various
vacuurlpolarization effects. Introducing a chemical potentia|Droton fractions. The solid lines correspond to th&l End the
term wy%y into the Lagrangian, the thermodynamic poten-dashed lines to the RHA EOS.
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TABLE I. Parameters used in the full calculatioNland the RHA. Also shown are the parameters of the
Lagrangian including nonlinear tern{slL), which approximately reproduce theNLEOS in a mean field
approximationM* is the nucleon effective mass at the saturation density= 783 MeV andm, =770 MeV
are fixed in each parameter set.

g%lam o2 /4m gi/Am m, (MeV) c3 (fm™Y) C4 M*/M
1N 2.24 3.66 1.48 550.0 0 0 0.89
RHA 6.23 8.18 1.46 550.0 0 0 0.73
NL 3.61 3.45 1.62 550.0 —34.61 501.33 0.86

(for details see Ref21)). It has been shown in Rdi22] that  densities reflects the fact that in our calculation the symmetry
the extension of Eq2) for T>0 leads to a thermodynamic energy increases monotonously with the baryon deriség

consistent theory. Fig. 24 of Ref.[17]).

The extension to asymmetric matter is done by breaking To facilitate the comparison to other works, we note that
the isospin symmetry according tp*—w-*,u; +7-uh, our IN EOS can be well reproduced in the mean field ap-
whereME(n)zﬂp(n)—gw<w0>igg<gg> (+ for p and — for pr?X|m531t|oln by4 adding a nonlinear interaction terd =
n) andr~=%(1=*7,), and adding a term- %méwg)z to Eq. ~3C30°~3C40" 10 the o-w Lagrangian. The parameters of

(2). That is, we include the neutral meson and its coupling this nonlinear(NL) Lagrangian, which we fixed such as to
to the nucleon on the Hartree level, which is the minimumreproduce our N pressure as close as possible witpig
ingredient required to obtain a reasonable symmetry energy Ps=3po, are shown in Table I. This NL set leads to a
[17]. (The inclusion of theo meson in the higher order terms different M* as compared to W. As compared with the
is a formidable task and is left for future woykThe original ~ Parameter set NL1, which was determined in RR&f.by a fit
1/N expansion is recovered in the limit of isospin symmetrict® Properties of proton-magic nuclei and used in Reéf.to
matter. With regard to this correspondence, the resultingliSCuss supernova matter, we note that both our valueg of
EOS will be denoted as “N EOS” in this paper. The RHA andc, carry the opposite sign araj is much larger in mag-

EOS is obtained by discarding the term involving the mesorflitude. Because of this distinction, we obtain ey roughly
propagatorA in Eq. (2). half of the value of Ref[8], which subsequently leads to

some change in the incompressibility, whereas the direct
contribution of the nonlinear term to the incompressibility is

lll. RESULTS AND DISCUSSIONS prevailed by the separately large contributions of the qua-

A. Pressure and comparison to empirical information dratic terms ino and w. Thus, like in the linear model, the
on the EOS incompressibility is still mainly determined by the values of
(o) andg,, .

The pressure of the system, which is given-b§)/V with
the chemical potentials eliminated in favor of the densities, i%
shown in Fig. 1 as a function of the baryon density for vari-
ous proton fractions/,=Z/N. The parameters used in the
calculation are shown in Table I. As in previous works
[17,19,23, m, is fixed to 550 MeV, ang,,, g,,, andg, are
fitted to the saturation properties of symmetric mattgve

The fact that the softening of the EOS, which in our treat-
ent is due to the relativistic correlation terms, can be
achieved in a mean field model by including nonlinear inter-
action terms has been known for a long tif9¢ These non-
linear terms also play an important role in the chiral effective
Lagrangian approacf23] to describe properties of nuclear

. s ) . a matter and nuclei, and studies based on the quark-meson
take po=0.148 fm * for the saturation densiteg=15.75 ¢, 5jing mode[24,25 have shown that they can be thought
MeV for the binding energy per nucleon, aag=32.5 MeV 4 reflect the compositeness of the nucleon. In this connec-
for the symmetry energyFrom Fig. 1 we see that the EOS o, 't s interesting to observe that the effects of the rela-

is softened due to the inclusion of the higher order terms fofistic correlation terms in our approach can be incorporated
all values of the proton fraction. As discussed in detail injniq interaction terms of similar nature.

Ref.[19], the inclusion of the higher order terms leads to a For the purpose of comparing our results with empirical

* i i in- - . . .
largerM™ and a smalleg,,, which results in a smaller in- jntormation and phenomenological approaches, it is useful to

compressibility and a reduction of the pressure at higher derﬁdopt the parametrization from Baron, Cooperstein, and Ka-
sities. (For 1N we obtainK,=302 MeV, compared to the hana[10] (BCK) for the supernova problem

RHA value of 452 Me\%) As a result of the relation
P(pg.B)=P(pg,0)+ Bpgday/dpg+O(*) the increase of _K(B)ps(B) ( P8
Ps
Herey is the high density adiabatic index which is assumed

P with increasing asymmetrg=(N—Z)/A=1-2Y, for all P 9y

The range ofK, obtained in the “macroscopic approa_ch” IS to be independent g8. The incompressibilitk (8) and the
about 200350 MeV; see Re{d2,13 and references therein. Re- gt ration densitp(8) are described by the first terms in an
cently, however, arguments in favor of the “microscopic ap- expansion aroun@=0
proach” have been presenté¢ti4], which leads toK,=200-230 ’
MeV in nonrelativistic theorie$15] and 250—-270 MeV in relativ-

istic theorieg16]. K(B)=K,(1—as8%), pdB)=po(1—bsB?). (3b)

Y

—-1). (33
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r FIG. 3. The pressure according to the parametrization(8q.
— 012 using the 1IN (solid line), RHA (dashed ling and BCK (dotted
' I line) parameters of Table II.
& o0t
< 0.08f _ _
L values of Refs[10,26. Roughly speaking, a large, gives a
0.06 | soft EOS if the other parameters are held fixed. In Fig. 3 we
- plot the pressuré¢3) according to the N, RHA, and BCK
S X R Y S ¥ S v — parameters listed in Table |1 for,=0.33, which is consid-
ered to be significant for supernova matter. We see that, due
Y to the differences ik, andag, our 1N EOS is distinctly

FIG. 2. Incompressibility(a) and saturation densitjb) as a stlﬂffe:hthanlti:_e one OEBgI;Bt al.[lO]._d d the leadi
function of proton fraction. The solid and dashed lines show the € relations n Eq{ are considered as the leading

result of the 1N and RHA EOS, respectively. terms in an expansion aroung?=0, it follows from the
' definition of the symmetry energy, that the coefficientsy

and bg can be expressed in terms of derivativesagfpg)
Our results fork(8) and p<(8) are shown in Fig. 2, and and the third derivative of the binding energy per nucleon of

within the range 0.8Y,<0.5 they can be approximated by Symmetric matterEg(ps) =J dpsP(ps)/pg [27,28,

settinga,=0.91 andb,=0.79. With the choicey=2.7 Eq.

(3) reproduces adequately ourNLtesults of Fig. 1 in the

rangeps<pg=<3ps and 0.2Y,=<0.5. The values foK,, v,

as, andbg are listed in Table Il in comparison to the param- as=— K] KsymtL

eters employed by Baroet al. [10], which lead to a prompt Y

supernova explosion of M =15M4 star, and to the ones

derived by Bombaccket al. [26] from Brueckner-Hartree-

Fock calculations based on the Paris potential. be=—, (4)
We note that our value dd differs very much from the Ky

~

vS

K 6l |
KU - KU’

TABLE Il. Parameters characterizing the four EOS’s discussed in the main text. The valuas dod by without parentheses are
obtained from the expansion Bf A yielding Egs.(4) and(5), and those in parentheses are obtained from a least squares fit of the numerical
results to the expressiori8b) within the range 0.2Y,<0.5. BCK refers to model 43 of Ref10] and BKL to Ref.[26]. The empirical
values ofag=—K,s/K, anda.= —K./K, are taken from Table 3 of Ref12].

K, (MeV) Y as bs ac be
1N 302 2.7 0.8200.9) 0.847(0.79 0.0111 0.00733
RHA 452 2.9 1.2201.23 0.605(0.60 0.0129 0.00489
BCK 180 2.5 2.0 0.75
BKL 185 2.5 2.03 1.12
Empirical
Set 1 150 —0.446+0.67 —0.039+0.014
Set 2 200 0.2350.51 —0.013+0.010
Set 3 250 0.6430.40 0.0028:0.008
Set 4 300 0.9150.34 0.013-0.007

Set 5 350 1.1080.29 0.0210.006
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FIG. 4. Proton fraction irB equilibrium as a function of baryon FIG. 5. Neutron star masses in units of solar mass against cen-
density. The solid line is obtained from theNlAnd the dashed line tral mass density. The solid and dashed lines correspond tolkhe 1/
from the RHA EOS. and RHA EOS under condition @& equilibrium, respectively. The

dotted line shows the W result for pure neutron matter.

where L=3poa;, Kem=9p3a;, K=—-27p3Ey, and the
primes indicate the derivatives with respecptpat the satu- recently determined root mean square matter radii of iso-
ration density of symmetric matteg. Our values forag and  topes[30]. However, for this purpose a calculation for finite
bs obtained from these expressions are also listed in Table Ihuclei is preferable, and therefore we do not pursue this issue
They are very similar to the ones obtained above by a fit tdurther here.

the approximate expressions, Egb). Pearsorj12] has ex-

tracted empirical values fdK, for several input values of

K, by fits to the measured nuclear breathing mode enefgies. B. Matter in B equilibrium

His results are listed in the lower part of Table II. OuN1/
EOS has roughly the sankg, as that of set 4, and our value

for ag is in reasonable agreement with the correspondin " T
empirical one. gand the conditionue=u , = un— 1y . The leptons are treated

It has been pointed ol.2] that further useful informa- as a Fermi gas. In Fig. 4 we show the resulting proton frac-

tion on the EOS can be obtained by considering also thdon as a function of the baryon density. According to Ref.
Coulomb contribution to the incompressibilifgg]. If one  [31l, & proton fraction of more than 11-13 % is required to
assumes nuclear matter to be confined within a ragus allow the kinematics of the direct Urca process, which leads

_ rOAl/3 with r83:(477/3)Po' one can derive the additional 0 @ fast cooling of the neutron star. In our calculation this
Coulomb terms-a.Z2A =3 and — b.z2A~*3, which should criterion is satisfied fopg>0.27 fm 3 or M4,>1.0M, (see

be added to the terms inside the parentheses on the rigH€low. Since neutron star masses are observed &l d.4
hand side of Eq(3b), one can assume a considerable contribution of the direct

Urca process to the cooling of neutron stars.

We now turn to the discussion of thgequilibrium state,
which is characterized by charge neutrality, € pe+p,)

1 30l K K 9 The neutron star mass can be calculated as a function of
a=———|——8l=——S%  p.= 5 the central mass density by integrating the Tolman-
¢ K K K,’ ¢ BK,rp’ ®) i i i i
v 9ol Ky v SKyro Oppenheimer-Volkoff equatiof82]. The result is shown in

B Fig. 5 for the 1IN EOS in 8 equilibrium, in comparison to

with @=1/137. Since, for fixeK,, a, depends only ok,  the pure neutron matter case and the RHA EO® iequi-

the empirically observed correlation betwe€nandK, (see librium. The stiffer the EOS, the higher is the mass of the
Table I)) implies a relation between the second and thirdmost massive stable star and the smaller is its central density.
derivatives(or K, andK) of the binding energy. Our value Since the softening of the EOS due to the proton admixture
for a, listed in Table Il is consistent with the empirical value OVercomes the increase of the pressure due to the leptons, the
of set 4: i.e.. our EOS follows the -K relation observed in  maximum star mass is decreased somewhat as compared to
Ref [12’] o v the pure neutron matter case. Nevertheless, the properties of

We note that one might discuss our results for the coeffi-the star, like the radius, density profile, and surface redshift
cientsb, and by, listed in Table Il by relating them to the ratio, are not changed drastically as compared to the neutron

matter results of Ref17], where it was shown that they are
consistent with observations.

Recent works in favor of the “microscopic approach” indicate IV. CONCLUDING REMARKS
that the correlations observed in Rgf2] might be probably too
tight due to the truncation of the “leptodermous expansion” to the  In conclusion, we have shown that the EOS of isospin-
leading termgsee also footnote)1Therefore the comparisons pre- asymmetric matter is softened considerably due to the rela-
sented in this section have mainly qualitative character. tivistic exchange and correlation terms. Our EOS is in basic
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