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This paper presents a further application of a new model for the effective two-body nucleon-nucleon
interaction using a density-dependent separable monddl) interaction. This model has recently been
successfully used for calculating the ground-state properties of spherical, doubly closed-shell nuctédfrom
to 2°Ph and is used here to calculate properties of infinite symmetric nuclear matter and the beta-stable
+p+e+u matter of relevance for neutron stars. An equation of stat@S is constructed for this and is
joined smoothly onto the Baym, Pethick, and Sutherland EOS for baryon number densities rbelow
=0.1fm 2 and onto the widely used Bethe-Johnson EOSat0.5 fm 3. Nonrotating, zero-temperature
neutron-star models have been calculated for this composite EOS and the results obtained are compared with
those for models calculated with the Skyrme effective interaction and with realistic nucleon-nucleon potentials.
The SMO interaction is shown to give excellent global agreement with a wide range of expected properties of
infinite nuclear matter and of neutron stars.
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[. INTRODUCTION teractions in their investigation of the equation of state
(EOS of homogeneous nuclear matter under conditions ap-
The goal of nuclear structure theory is to describe thepropriate for a collapsing star, employing the Extended-
properties of observed nuclei given some model of theThomas-Fermi-Strutinsky-IntegréE TFSI) approximation to
nuclear interaction as input. The difficulties in performing the Hartree-Fock method, and a modified SlII interaction
full-scale calculations, such as finding exact solutions of thevas used by Pethick, Ravenhall, and Lorébkfor describ-
many-body Schrdinger equation for finite nuclei, have led ing the matter of a neutron-star crust in beta equilibrium. An
to infinite nuclear mattercalculations becoming a standard attempt to determine parameters of a Skyrme interaction de-
approach for examining the properties of nuclear potentialsscribing nuclear matter from subnuclear to neutron-star den-
Both symmetric infinite nuclear mattéwith equal numbers sities was presented by Chabaeagl. [6].
of protons and neutrons and with Coulomb effects being ne- Cold, nonrotating neutron stars offer an extraordinary
glected and also asymmetric nuclear matfeharacterized laboratory for investigations of nuclear matter. Developing
by an asymmetry parametér=(N—Z)/A] are of impor- an equation of staté.e., the functional dependence of the
tance. Extrapolation of the density dependence of nuclegpressureP on the mass density) for the whole range of
interactions to the subnuclear and supernuclear density relensities relevant for neutron stars by means of a single uni-
gions of relevance for neutron stars introduces another pefied calculation is beyond the scope of all current studies and
spective for investigations of matter under extreme condiso it is common practice to make a composite EOS, consist-
tions, which has direct relevance for studies of nuclei at théng of different parts describing physical processes in par-
limits of stability with large values of isospin. ticular, density regions, matched smoothly at transition
Since the 1970s two principal types of effective density-points between the regions. It is standard to use the EOS of
dependent two-body nuclear potentials have mainly beeBaym, Pethick, and Sutherlafd@] for the density range be-
used in nonrelativistic Hartree-Fock mean-field calculationdow ~ 10 g/cn®. The region up to two to three times the
for finite nuclei: zero range Skyrme interactiddg and finite  nuclear saturation density~2.7x 10 g/cnP—the density
range Gogny interactiof®]. There are many known param- corresponding to the minimum energy per nucleon in sym-
etrizations of these potentials that reproduce basic experinetric nuclear matteris well modeled as free nucleon
mental data for finite nuclei and the observable properties of- lepton matter and can be used for testing nonrelativistic
infinite symmetric matter with more or less comparable sucimean-field models with phenomenological interactiong.,
cess. A more stringent test of the validity of these interac{6]) as well as realistic nuclear interactiof8-11]. For
tions, especially their isospin-dependent part, can come frorhigher densities, many attempts to construct an EOS for the
investigating asymmetric infinite and semi-infinite nuclearregion above the threshold for the creation of hyper@ms,
matter. A modified Skyrme interaction, emphasizing the is-possibly, heavy mesopsan be found in the literature based
ovector term in the potential, has been used to model theboth on nonrelativistic approachés.g.,[12—14)) and rela-
modynamical properties of hot, dense nuclear mdiBy  tivistic mean-field RMF) ones[15—17. Speculative models,
Onsi, Przysiezniak, and Pearg@t] used several Skyrme in- considering the presence of deconfined quarks in the center
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TABLE |. Parameters of the separable monopole interaction.

W, (MeV fm°) ag Ba a, b,
SMO1 —1543.8 2.0 1.0 —0.4295 —0.4448
SMO2 —1545.0 2.0 1.0 0.5000 —0.2600
W, (MeV fml~art25r) a, Br a, b,
SMO1 1778.0 2.2165 1.246 —1.4788 —0.3146
SMO2 1710.0 2.22400 1.240 -0.45 —0.1650
¢ (MeV fm®) k (MeV fm10)
SMO1 160.0 16.0
SMO2 190.0 16.0

of neutron stars, have been presented in a number of receimig a perturbation series in powers of the strength of the
publications[10,18-21. SMO interaction in order to include correlations in finite
When an appropriate EOS has been constructed, nonrotatuclei, beyond the mean field, with convergent results. We
ing neutron-star models can be calculated by integrating theill see that the separability also has an important conse-
Tolman-Oppenheimer-Volkoff TOV) equations. Important quence for calculating perturbations in nuclear matter. The
properties of the models, such as the mass-radius relatiomteraction is written in coordinate space as
the binding energy, the total number of baryons, the moment
of inertia, and the maximum rotation speed can be calculated

P )= Ba(F,\YnPa(F
and compared with values coming from observations. V(F1.72) =Wafan®a(ry)n"a(ry)

Among the most important parameters are the mass of the X[1+ay(tit; +t7t5) +4b,ty,ts,]
maximum-mass model and the radius of a canonical 1.4 solar

mass mode(thought to be representative for many observed + W, fnPr(F)nfr (i) 1+a,(t]t, +t1t5)
neutron stans The properties of the maximum-mass models

depend critically on the choice of the EOS at high densities +4btyto,]

and thus are not a sensitive test of the EOS at around the
nuclear saturation density. However, the properties of lower
mass models and the overall mutual consistency of the indi-
vidual components in a composite EOS serve as importaiwhere the functiorf;, which ensures the correct mass num-
indicators of the validity of the treatment in the various den-ber dependence of the potentjiaP], is defined as
sity regions.

It is the aim of this paper to test the newly developed 1
separable monopoléSMO) interaction[22] by using it to f :U d3r*n“f(r*)} 2
calculate a wide range of nuclear matter properties. After a ¢
brief description of the SMO approach in Sec. Il, in Sec. llI
we calculate properties of infinite symmetric nuclear matte

(! :Q) and pure neutron T“a“e*% 1) as .weII as of asym- ing and lowering operators and tkexis projection operator.
metricn+ p+ e+ w matter in beta equilibrium. In Sec. IV, an The one-body spin-orbit potential is given by

SMO EOS is constructed and used for calculating nonrotat-
ing neutron-star models. Section V is the Conclusion.

+kVIn(F,)V3n(Fy), )

for subscriptsf=a andé=r; t*, t~ andt, are isospin rais-

Vg o(r)=c——1I-8 3)
Il. THE SEPARABLE MONOPOLE INTERACTION

This two-body interaction, used previously for finite nu-
clei[22], consists of two main partattractive and repulsiye  and the Coulomb potential has the standard fE22]. W,,
that have the same mathematical form for the density and,, Ba, s, ba, W;, «;, B;, a,;, b,, k, andc are param-
isospin dependence and differ only in the values of adjusteters whose values have been fixed by fitting to the ground
able parameters. Having attractive and repulsive terms witlstate properties of 14 doubly closed-sh@llbshell finite
different ranges is a common feature of density-dependemuclei[22]. The parameter set, labeled as SMO1, is given in
effective interactions and it is these terms that are responFable I. In nuclear matter, for which the density is taken to
sible for most of the binding energy in finite nuclei and for be constant, the derivative and the spin-orbit terms are iden-
the volume energy in nuclear matter. tically zero.

Each term in the expression for the interaction is sepa- In line with the notation normally used for studies of
rable in the space coordinatésnd in isospin where appli- nuclear matter in astrophysics, we usen,+n, for baryon
cable. This is the essential new property of this effective number densities in fi? rather thanp=p,+p,, Which is
nucleon-nucleon interaction that makes it suitable for build-used in this paper to denote mass densities in §/cm
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[ INFINITE SYMMETRIC AND ASYMMETRIC tions of the giant isoscalar monopole resonafibe breath-
NUCLEAR MATTER ing mode [25] imply K., =(210+20) MeV both with the
use of Skyrme interactiorf26] and with the Gogny potential
[27]. The generalized Skyrme interactidr2s], fitted both to
In this section we detail the properties that any modefinite nuclei and the breathing mode energies, give the best
needs to predict for comparing with quantities extracted fromresults fork .= (215+ 15) MeV.
observable data. For the SMO interaction, the generalized incompressibil-
Thebinding energy per particl€ of infinite nuclear mat- ity modulus is given as
ter can be written as a function of the baryon number density
n and the asymmetry parameter (N—2Z)/A. In this way,
the same expression can be used for symmetric and asym-
metric matter. For the SMO interaction, we get

A. Properties and observables

213 9
K(n)=—2ayn +§ (28— az+1)

X (25— arg)n?ha”atd

1 1
En,1)=Cpzsr(1—1)Pn?Rtcism(1+1)%n3 9
( ) p253( ) n253( ) +§Wr(218r—ar+1)

1 1

+ W nZ,Bafaale_i_ —W nZBrfaerl P(n
2"V 2 X (2B, — ay)n?hrartly 18—(n ! @
1 2paagi1y2, L 28—y +1)2 o _

+ 5 Waban®a™ @t %4 S W b n®r =4 In the nonrelativistic approximation, thepeed of ordinary

soundin the nuclear medium is related to the incompressibil-
(4) ity modulusk by [11]

(for a full derivation and explanation of the notation see Ap- vs dP(n) K(n)

pendix A). The value of€ at saturation(i.e., the minimum T T de \/ P (8)
value is usually taken to be the coefficient of the volume 9<mc2+5+ _)

terma, in the liquid-drop model, obtained by fitting with the n

binding energies of a large number of nuclei. This procedur
gives &= —(16.0+0.2) MeV [6]. However, a somewhat

lower value[ &= —(15.6+0.2) MeV] has been quoted re-

cently by Heiselberg and Hjorth-Jensiii]. The densityn,

of symmetric nuclear matter at saturation is expected to b
no=0.16+0.005 fm 3 [6] based on calculating the charge
distribution in heavy nuclei. A more conservative value of n opP

0.17+0.02 fm 2 is given in Ref.[23] where the error bar =P
includes uncertainties in the neutron density distribution and

a correction for possible density inhomogeneity in the  angther important variable in any discussion of asymmet-
nuclear interior. The value quoted in Refll] (0.16 ¢ nyclear matter is thsymmetry energydefined as the

§t is desirable to follow the density dependence of the speed
of sound as it may exceed the velocity of light at higher
densities in nonrelativistic mode[4.1] and this unrealistic
feature must be taken care of. Thaiabatic index" can also

Be calculated from the EOMQ1]:

C)

+0.02 fm %) is of the same precision as 'that in REZ3]. difference in energy between symmetric and pure neutron
The pressure RAn nuclear matter is defined §$1] matter. This is directly related to tlsymmetry coefficienta
in the well-known Bethe-Weizsker semiempirical mass
P(n)=n2%=n%— . (5) formula[29]. For the SMO interactiorg, is expressed as
_5 2/3 23, L 2B,— ap+1
wheree=n(E+md) is the total energy density amdis the 5= 360N +3CnN " T 5 WabanFaca
nucleon mass.
Another property of interest in discussing nuclear matter 1 2p—a +1
and equations of state is tlimcompressibility modulus kf +§Wrbr” tT (10
symmetric nuclear matter. This is defined as a function
of n [6]: The value ofag (=32.5+0.5 MeV[30)) is found by fitting to
5 a large set of experimental data in the finite-range-droplet
K(n)=9n2a £+18m ©) model. More recently, Tondeun_al._ [31] have advocated a
on? n lower value of 28 MeV from their fit of nuclear ground state

binding energies in a mean-field model with a Skyrme inter-
The value ofK,, , at saturation®=0), represents an impor- action. Heiselberg and Hjorth-Jensii] put typical values
tant constraint on models of nuclear matter. Howekiés a  of ag in the region of 27—-38 MeV, as obtained with nonrel-
derived quantity and its “best” value is model dependent.ativistic Hartree-Fock theories, and Li, Ko, and R82]
Nix and Moller estimate K,,=240 MeV [24], while  quote a 35—42 MeV range of predictions foycoming from
Hartree-Fock-random phase approximatidRPA) calcula- RMF models.
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In addition, one may consider pure neutron matter. Al- TABLE Il. Properties of infinite nuclear matter at equilibrium
though no observables as such are known, due to the fact thir the SMO1 and SMO2 interactions. Results for the SLy230a and
neutron matter is not bound by nuclear forces, this very facMSké Skyrme interaction6,31] are included for comparison. The
is an important constraint, i.engutron matter should not be observables listed are the equilibrium density(fm ), the Fermi
predicted to be bountly the model. The energy per particle momentumk (fm 1), the mean distance between two nucleons in

of pure neutron matter is given by E@l) with [=1 andn  the fluid, ro=(9) Y2k (fm), the energy per particle of symmet-
=n.- ric nuclear matter at the saturation dengity, & (MeV), the in-
ne

compressibility modulus of symmetric infinite nuclear matter at

1 saturationK,, (MeV), the effective mass’/m, and the asymme-
&(n,1)=c,2%n?3+ §(1+ ba)W,n?fa~atl try coefficientag (MeV). For empirical values see text.
1 Interaction SMO1 SMO2 SLy230a MSk6
+=(1+b,)W,n?Ar-artl (1)

2 No 0.155 0.170 0.160 0.158

ke 1.320 1.360 1.333 1.326

B. Perturbation calculations o 1.154 1.120 1.143 1.148
. . . & —15.55 16.0 —-16.0 —-15.8
The SMO interaction has been shown to give a converg- KO 218 291 230 231
ing perturbation series describing nucleon correlations be- m*;’m 10 10 0.7 1.05

ond the mean field in finite nuclg¢22]. In the case of infi- - ' ' i :

y £e2] as 37.7 31.7 32.0 28

nite nuclear matter with constant density in space, the
Hartree-Fock solution consists of a Slater determinant of
plane wave statesee Appendix A For a separable, density- s gcenario is fundamentally different from models
dependent interaction, the perturbative corrections 10 thgiy, 5 realistic nucleon-nucleon interaction, where the em-

ground state binding energy are given by a series of term%irical saturation properties of nuclear matter cannot be re-

each containing a product of a number of interaction matrix,.oq,ced assuming this interaction between structureless

elements commensurate with the order of the perturbatlo ucleons alondsee, e.g., Refi10] and references thergin
[22]. In every case, however, one of these matrix element

) . , Torrelations between nucleons should ideally be taken into
contains only particle states in the brép(p,|) and hole  ;.cqnt in the form of a perturbation expansion in powers of
states in the ket|1h;)). This matrix element has the form yhe strength of the nucleon-nucleon interaction. However,

2 this series diverges because the interaction is too strong, and
(P1p2|g(N(r1))g(n(r2))[Nsha) =g%(P1|hs){palhz), the expansion h%s to be rearranged by using partial su?nma-
tions or similar techniques and this affects the accuracy of
where g(n(r;)) stands here symbolically for the density- the calculation.
dependent function in the interactigsee Eq.(1) and Ref.
[22]] and is a finite constant in space in the nuclear matter C. Results and discussion
due to the constant density. Because the particle and hole
states are always orthogonal, the overlap matrix elements
calculated in the above expression are zero. Thus perturba- In Ref.[22] we gave an extensive discussion of a param-
tions to the wave functions, representing contributions frometrization of the separable monopole interaction, which we
correlations in nuclear matter, are zero to all orders for aefer to in this paper as SMO(see Table ). This gives
density-dependent separable interaction. excellent agreement with observed one-body nuclear ground
This result is a direct consequence of the separability oftate propertiescharge radii and density distributionand
the interaction, which dictates the particular form of thegives ground state binding energies of doubly closed-shell
terms in the perturbation series. Physically, SMO modelswclei from 0 to 2°%b, which are in fair agreement with
nuclear matter as a system of nucleons interacting onlgxperiment—the differences seen could probably be re-
through the mean field with no residual nucleon-nucleon infmoved by extending the present monopole potential to in-
teraction beyond it. We show in the following sections thatclude terms with higher multipolarityextending the pertur-
this model is fully adequate for giving a correct detailedbation theory to include higher order correlatipnand
description of nuclear matter properties in the relevant rangenaking a more realistic description of the surface and spin-
of baryon number densities. orbit terms. SMOL1 also gives good agreement with the ob-
Other (nonseparab)eeffective nucleon-nucleon interac- servables of symmetric infinite nuclear matter with the ex-
tions (e.g., the Skyrme potentialalso describe nuclear mat- ception of a rather high value for the asymmetry coefficient
ter properties well in mean-field mode[§]. One usually ag of 37.7 MeV (see Table Il and a rather high radius for a
considers that short-range correlations are already includechnonical 1.8 neutron star 0f~12.10 km(see Table 1V.
in the Skyrme mean field. Identification and treatment ofThe asymmetry energy is directly related to the choice of the
those correlations beyond the mean field is difficult; thesgparameters, and b, of the isospin-dependent part of the
potentials are divergent in order-by-order perturbation theorynteraction and thus serves as an important constraint on pos-
and only a treatable subset of perturbation tefmg., the sible values of these two parameters, but the canonical
RPA) can be studied. neutron-star radius is dependent also on other factors. To

1. The SMO parametrizations
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TABLE lll. Parameters of maximum-mass neutron-star modelsindp. are the central number density
and mass densitR is the radiusM is the massA is the total baryon numbeE,;.q is the binding energy, and
Zsuif 1S the surface gravitational redshitee Ref[6]). All of the EOS’s were matched to the BPS EOS at low
densities(see text Results in the first two columns are for the full composite SMO EOS, including the
Bethe-Johnson EOS at high densities. Results for a realistic potential from Akmal, Pandharipande, and
Ravenhall[10] and a Skyrme interaction Sly230&] are included for comparison.

SMO1 SMO2 SMO1 SMO2 A18+ Sv

Interaction +BPS+BJ +BPS+BJ +BPS +BPS +UIX* SLy230a
ne (fm™3) 1.29 1.31 1.26 1.31 1.14 1.14
pe (10% gem3) 29.98 30.58 29.68 30.73 27.28 27.00
R (km) 10.01 9.87 10.03 9.81 10.0 10.22
M (Mg) 1.86 1.85 1.92 1.88 2.20 2.09

A (/107 2.56 2.56 2.64 2.60 3.21 2.96
Eping (10°2 erg) 5.01 5.08 5.08 5.24 8.59 6.80
Zeurt 0.487 0.497 0.503 0.516 0.689 0.589

improve the results, we performed a simultaneous fit to théor symmetric nuclear matter occurs within the limits of the
asymmetry coefficienss and to the following quantities for inferred empirical value for both SMO1 and SMO2 as can be
symmetric infinite nuclear matter: the saturation densgy  seen from Table Il. Also, pure neutron matter remains un-
the energy per particl€, and the incompressibility modulus bound over the whole region of densities shown in Fig. 1
K... We also included in the fit the density dependencies ofright pane) as required.

the energy per particle of symmetric and pure neutron matter The characteristic properties of asymmetric nuclear matter
and the electron chemical potential of beta-equilibrium  vary as a function of the proton fractign,, defined as the
nucleon-lepton matter, as calculated using the Ald — ratio of the number of protons to the total number of bary-
+UIX* realistic potential[10]. The new parametrization, ons (The parametey, is frequently used in the astrophysics
SMO2, givesas=30.9 MeV and the radius of a M, neu- jiterature and is related to the asymmetry paramkt@ntro-
tron star as 11.67 km, both closer to the expected valuegyced earlier by =1—2y,). It is instructive to calculate the
SMO2 was then used without change for finite nuclei. Afit tognergy per particles, the incompressibility moduluk, and

the. one- and two-body properties of dolubly closed shell nuype speed of sound, as functions of a fixedi.e., density-
clei of comparable quality to that obtained for SMO1 wasindependentproton fractiony,,, for nuclear matter consist-
achieved by adjustment of the parameters that do not conpg only of protons, neutrons, and electrons.

tribute to nuclear matter propertiés, anda, and the spin- It is expected that any reasonable nuclear interaction
orbit strengttc). The values of the parameters for SMO2 andgpouid exhibit the following behavidi6,33].

the results obtained with this for nuclear matter and neutron- (i) The saturation density, should decrease with an in-
star properties are shown in Tables |-1V. creasing proportion of neutrons.

(ii) The incompressibility modululs should increase with
increasing isospin asymmetry and the valueKoét satura-

In Table Il we show calculated values for the observabledion should decrease with increasing.
of infinite symmetric nuclear matter. Results for the Skyrme (iii) The sound velocity ¢ at any density should increase
SLy230a interactiori6] are given for comparison. The de- with an increasing proportion of neutrons.
pendence of the energy per partide[Appendix A, Eq. The above features are demonstrated in Fig. 2 for the
(A14)] on baryon number density for symmetric and pureSMO2 interactior{the SMO1 gives very similar resultdt is
neutron matter is shown in Fig. 1. The saturation density gratifying to observe that the separable interaction, which is

2. Infinite nuclear matter

TABLE IV. The same as Table lll, but for a “standard” 4, neutron star.

SMO1 SMO2 SMO1 SMO2 A18+ v

Interaction +BPS+BJ +BPS+BJ +BPS +BPS +UIX* SLy230a
ne (fm™3) 0.57 0.59 0.54 0.59 0.55 0.51
pe (104 gem ) 10.49 10.92 10.19 10.97 9.93 9.26
R (km) 12.09 11.77 12.11 11.76 11.47 11.77
M (Mg) 1.40 1.40 1.41 1.41 1.40 1.39
A (/110°%) 1.83 1.85 1.84 1.86 1.86 1.84
Eping (10°2 erg) 2.29 2.54 2.28 2.55 2.74 2.55
Zours 0.233 0.243 0.234 0.244 0.250 0.240

064312-5



STONE, STEVENSON, MILLER, AND STRAYER

30

20 -

—— SMO1
+—+SMO2

SLy230a
A18+8v+UIX (¢}

80

—— SMO1

—-—-SLy230a |
- A1BHBHUIX

PHYSICAL REVIEW ®5 064312

proton fractiony, on the particle density for SMO2 and
some of the Skyrme interactioSLy230a[6] and SkQ[34])
and the behavior predicted by calculatidid] (see Fig. 4

eof made with a variety of realistic effective potentials. The pro-

ton fractiony, rises steadily through the density region up to
n=1.0 fm 3, reaching about 15%. The asymmetry coeffi-
cient increases from-20 to 80—100 MeV in the same den-
sity region.

A quite different behavior is exhibited by some Skyrme
interactions(SkX [35] and MSk6[31]); in particular, nega-
tive symmetry energies and a sharply decreasing number of
protons at densities below two to three times the nuclear
saturation density are predicted. Similar effects were ob-
served by Onsi, Przysiezniak, and Pear$éhfor neutral
. . nuclear matterf+ p+e+v), where the SkSC4 interaction

FIG. 1. The energy per particle for symmetric nuclear matter,regicted a rapid decrease of the proton fraction at densities
SNM, (left pane) and pure neutron matter, PNNfight pane} are g 5 -3 The authors quote a comment by Lattimer that

plotted as functions of the baryon number densitipr the SMO1 this result would implv a nonphvsical collanse of neutron
and SMO?2 interactions. The same quantities for the Skyrme ply phy P

: . . . stars.
SLy_230a interactiori6] a_nd the A18- v+ UIX* interaction[10] The disappearance of protons was also observed by Wir-
are included for comparison.

inga, Fiks, and Fabrocini8] for the AV14+UVII, UV14

inherently very different from the realistic or Skyrme poten-;:UV”’ and UV14+ TNI potentials, although at densities

. : . higher than 1.5 fm? for the first two potentials. This effect
tials, behaves in the expected way even for these detaile . . .

. . . Wwas attributed to a particular feature of the potentials,
features. The velocity of sound is well below the velocity of

S ) S namely, the greater short-range repulsion in isospin singlet
light in th'e region of appllcabnlty of the pfese”t modap to nucleon pairs as compared with isospin triplet pairs. It was
about twice the nuclear saturation denksity

argued that at high densities, the short-range repulsion must
dominate and thus pure neutron matter is favored. However,
as discussed above, many current realistic potentials predict
The parameters of beta-stable nucledepton mattesee  that the proton fractiony, increases up to at least
Appendix B have been calculated as a function of the=1.0 fm 3, as illustrated in Fig. 4.
baryon number density. For any model it is particularly im-  The presence of protons in nuclear matter at supernuclear
portant to predict the correct density dependence of théensities is directly relevant for modeling the composition of
asymmetry coefficiends; this coefficient is directly related neutron-star matter at densities higher than two to three times
to the proton fractiory, in beta-equilibrium matter and is ng,. There are two main issues to be discussed in this context.
thus relevant for the composition of the neutron-star matter. First, if protons are not present at densities of (2ry3)
In Fig. 3 we show calculated values af for the SMO1 and neutron-star matter is then a on e component medium con-
SMO?2 interactions and compare them with values given bysisting only of interacting, homogeneous unpolarized neu-
selected Skyrme interactions. Good agreement is found bérons. The EOS for pure neutron matter is seen as a first
tween the dependence of the asymmetry enaggnd the approximation for calculating parameters of neutron stars

20

. " N N 0 . . " "
0.1 0.2 03 04 0.5 0 0.1 0.2 0.3 0.4 0.5

n[im™ nfm™

3. Beta-stable A#-p+e+p matter

30 ‘ . 1500 ‘ — 0.4

20 - 1 By S
: K ’/ 0.3 S/
! FIG. 2. The energy per particle/A (left
pane), the incompressibility coefficientK
(middle panel, and the velocity of soundg
(right pane) for various fixed values of the pro-
ton fractiony, are plotted as functions of the
baryon number density for the SMO2 interaction.
iy 1 iy The saturation densitieg, (and incompressibility
' o4 L iy | K) for y,=0.25 and 0.40 are 0.12€137) and
0.163(207) fm~3 (MeV), respectively.

o V/C
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FIG. 3. The asymmetry energy coefficieaf and the proton ntim

fractiony,, for beta-stablen+p+ u+e matter are plotted as func- FIG. 4. The proton fractioty, for beta stable nucleonlepton

tions of the baryon number density Results for some selected matter, as calculated using various realistic potentials, is plotted as a

Skyrme interactions are included for comparison. See text for mor@nction of the baryon number density The data have been taken

details. from Refs.[8,10,11. These curves should be compared with the

. SMO1 and SMO2 results shown in Fig. 3.
(see Refs[36] for a review of early works;37,38 and ref-

erences there)nThe usual consequence of using a pure neufrom the stellar coreobservational evidence does not yet
tron matter EOS is the prediction of a rather high maximumconclusively point to any particular one of them. We only
mass because of lacking the “controlling” effect on the pres-comment here that if, for example, the rapid neutrino cooling
sure that some other constitueitésg., hyperonsmay have connected with the direct Urca proce§svolving weak
[39]. However, it has been pointed out by Pandharipandénteractions between nuclegnsere demonstrated to be tak-
[40] that under certain circumstancés.g., if the average ing place in neutron stars, this would provide a powerful
heavy baryon-baryon interaction is less attractive than theonstraint on nuclear potential§There are indeed some
n-n interaction) the pure neutron equation of state is a fairly recent indications that this may have been sgi§j.) The
good approximation to that of hyperonic matter. minimum proton concentrations for the reactions in the
The present consensus favors models of neutron-star matirect Urca process to proceed arell% in n+p+e
ter including new hadronic degrees of freedom in addition tdbeta-stable matter below the™ threshold and~15% in
neutrons and protons. These can come from the formation af+ p+ e+ u above it[44].
hyperons(strange baryons meson condensation, or forma-  An interesting suggestion has recently been made for ob-
tion of a deconfined quark phagg9]. In cold, beta-stable, taining experimental data about the proton concentration in
and neutrinoless neutron-star matter, hyperons should appeagutron-star matter from neutron-rich heavy-ion collisions at
at densities as low asng and form a considerable fraction of intermediate energies, and the first data for this has already
the total baryon population by=3n, [39]. All models in-  been published32]. Another possible nuclear physics ap-
cluding hyperons estimate the hyperon-hyperon angroach can involve studies of the density distribution of
hyperon-nucleon interactions using growing experimentaheutron-rich nuclef47].
data for hypernuclei witty,~10% atn=1.2 fm 3. All of Figure 5 shows the electron chemical potential in beta-
these results are dependent on models of the hyperostablen+p+e+ u matter as a function of the baryon num-
hyperon interactiorisee, e.g.[41]), which are not yet very ber density, as calculated with the SMO models, in compari-
well constrained despite the increasing amount of experison with results for the SLy230a Skyrme interactjéhand
mental data on hypernuclg42] and hyperon-nucleon scat- the A18+ dv +UIX* realistic potentia[10]. It can be seen
tering[43]. The basic effect of having hyperons in matter atthat the SMO results agree well with those obtained with the
high density is a softening of the equation of state because afther potentials. All of the models also predict the threshold
the increase in the number of degrees of freedom, whicllensity foru~ production to be in a narrow range around
relieves some of the pressure of the nuclef88. This in  0.17 fm 3 with the exception of the SMO1 model, where the
turn implies a lower maximum mass for neutron stars, as wehreshold is slightly lower.
will discuss in the following section. The electron and neutron chemical potentials are two in-
The second issue for which the proton fraction as a funcdependent quantities determining the chemical equilibrium
tion of matter density is important regards neutron-star coolin multicomponent mattefe.g.,[39,48). The density depen-
ing either just after their birth in supernovae or after heatingdence of the neutron and proton chemical potentials is re-
in an accretion episode. A detailed discussion of this comiated to the choice of the model for the nucleon-nucleon
plex problem is beyond the scope of the present papenteraction. Figure 6 shows the behaviorof, w,, andue
(for a review see, e.g.[44,45. Although many models and the corresponding relative particle fractions in beta-
of cooling exist, (mainly involving emission of neutrinos stablen+ p+ e+ u matter for three different effective inter-
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300 ‘ ‘ ‘ even without an exact calculation of the hyperon chemical
SO e potential. The minimum value of the potential for a nonin-
............ SMO2 e . _ . . .
S-S g teractingX ™ hyperon (which, in all models of hyperonic
- T matter, appears at the lowest densitynit p+ e+ . mattep
200 e is equal to its rest mass. The threshold depends on the sum of
Mn and e,
=
2 Ms-=pnt pe=Mg-. (13
Ex

For the models shown in Fig. 6 and takings -
=1197 MeV, we get threshold densities of 0.30 and 0.34
fm 2 for SMO2 and SLy230a, respectively. These estimates
assume a noninteracting~ hyperon, although some recent
experimental work suggests a strong isoscalar repulsion in
0 ‘ ‘ ‘ ‘ the interaction o hyperons with bulk nucleor€9]. In the

0 02 oy 08 ' MSké model, only hyperons whose decay involves protons
can appear. As can be seen in Fig..6, never rises above

FIG. 5. The electron chemical potentjal, for beta-stable mat- 1000 MeV in the region of densities where the-p+e
ter as calculated with the SMO, SLy230a Skyrfitd, and A18  + ; matter model is valid and sB~ hyperons are not pro-

+ v+ UIX* [10] interactions. duced.

The adiabatic indeX” and the velocity of sound in units
actions. We see that despite the differences in the densityf ¢, as calculated for the SMO interactions, are shown in
dependence of, and u, for the SMO2 and SLy230a inter- Fig. 7. Results for the SLy230a and MSk6 Skyrme interac-
actions, the concentrations of particles in the matter aréions have been included for comparison. The small jump in
rather similar and comparable, for example, to the composiF at densities~0.17 fm 2 for the SMO models corresponds
tion calculated with the A18 Sv + UIX* realistic potential to the threshold ofw™ production. When no new particles
[10]. This can be understood because particle fractions arare createdl exhibits a steady trend as a function of density,
dependent only on thdifferencemw,— u,=ue=mu, . How-  as expected. These results are very similar to those obtained
ever if u,, increases above,, the electron chemical poten- with the SLy230a interaction except that the effect of the
tial becomes negative, thus preventing the production of lepenset of muon production is not visible there. The dot-dashed
tons, and the matter undergoes an unphysical transition to @urve in the top part of the figure represents the parts of the
pure neutron systertsee Fig. 6, for the MSk6 interaction  I'(n,) curve for the MSk6 model which lie in the expected

The electron and neutron chemical potentials control theange of values between 1«®r a discussion of expected
threshold densities for the production of heavy mesondimiting values ofl" see, e.g.[10)). It is clear that this model
and baryons in matter in chemical equilibrium. However, asdoes not predict formation of any stable neutron stars with
the interactions of these particles amongst themselves armbntral baryon number densities beloy=0.8 fm 3. Con-
with the nucleons are poorly known, these thresholds areerning the calculated speed of souftde bottom part of
uncertain. However, some interesting results can be obtainggig. 7), all of the models gives/c as being less then 1 up to

100 -

300 | . o v
sMo2 - SLy230a i MSk6 /
200 |- . i T 1t 1
s >
= s e ;
2 100 / — hme | —// . FoTT ; .
= , S tf_m"c / \\
\\‘.
........................... » ’ ; )
_100 . . e N FIG. 6. The neutron, proton, and electron
10° chemical potentials and relative particle fractions
for beta-stable matter as calculated with the
10” P P SMO, SLy23046], and MSk6[31] interactions.
52 ST P T
2102 L I 1 F \
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8 ' T ‘ T ' ‘ ' dix B. As discussed above, the nucleolepton phase forms
P e - _ only a small part of the matter of the star and the SMO EOS
25 L v I R needs to be matched, both at lower and higher densities, onto

equations of state reflecting the composition of matter at
SMO1 those densities. For lower densities, we used the Baym-
,,,,, Syos0a 1 Pethick-SutherlandBPS EOS([7], matching onto the SMO
EOS at~0.1 fm 3 and going down to 6.810 2 fm~3.
There are many EOSs available for densities higher than two
to three times nuclear saturation density, as mentioned in the
Introduction. We chose to use the Bethe-John@ad) [50]

EOS in the density region 0.50—5.02 T smoothly joining

onto the SMO EOS at 0.50 fmi. The BJ EOSbased on a
modified Reid soft core potential and calculated using a con-
strained variational princip)eis now quite old but it has
frequently been used as a standard representative one and
seems suitable for the present purposes, bearing in mind the
continuing uncertainties with “state of the art” EOSs for this

FIG. 7. The adiabatic indeKk and the sound speed as calculated density range. It treats composite matter consisting,q,

+0 A0 +4+ ; ; ;
with the SMO1 and SMO2 models. Results for the SLy2[Jand A ! A=, andA in the high denS|ty_ region.
MSk6 [31] Skyrme models are shown for comparison. See text for USINg @ tabulated form of the composite EOSs, we nu-
merically integrated the general relativistic equation of hy-

1 1.2 1.4 16

0.8
n [fm“a]

explanation.

drostatic equilibrium for nonrotating stafthe TOV equation
a density of~1 fm 3, which is well beyond the range of [51)).
densities where the+ p+ e+ u description is believed to be
valid. This is to be expected, as the speed of sound is deter- dP  Gmp (1+P/pc?)(1+4mr°P/mc’)
mined mainly by the incompressibility modulls Eq. (8), dr r? 1-2Gm/rc? (14
which is within empirical limits for all of the models consid-
ered in Fig. 7.

with

r
IV. NEUTRON STARS m(r) = f04wr2p(r)dr (15)

A. Properties and observables

A neutron star is an object composed of matter at densities
ranging from that of terrestrial iron up to several times thatto obtain sequences of neutron-star models with a range of
of nuclear matter. For describing this theoretically, it is nec-values for the central density. Integration of E¢s4) and
essary to use models of atomic and nuclear interactions, froifl5), for any specified central density, gives directly the cor-
a Fermi gas model for noninteracting particles in the crust ofesponding values for the total gravitational méssind ra-
the star, up to ones for hadronic and possibly quark matter idiusR of the star(the surface being at the location where the
the center of the star. In going from the lowest densities up tg@ressure vanishgs
p~4.3< 10 g/en? (the neutron drip density7]), the matter As mentioned previously, many measured neutron-star
changes from being a nuclear lattice of mainly iron-groupmasses are close to the canonical value oML4(see[52])
nuclei to a system of nuclei that become progressively moréut there are persistent suggestions for some masses being
neutron rich with the lattice becoming immersed in a freesignificantly higher than this. The highest mass for which
electron gas. Beyond the neutron drip point, free neutronthere is solid observational evidence is the M44for the
appear. At densities above-2x 10" g/cn?, nuclei no  more massive component of the Hulse-Taylor binary pulsar
longer exist and the matter consists of nucleon and electroRSR 191316 [53]. However, model-based estimates for
fluids. With further increases @f, muons appear and coexist neutron-star sources showing quasiperiodic oscillations have
with the neutrons, protons, and electrons in beta equilibriumgiven some values as high as M.8 and 2.0\ [54,55.
At even higher densities, heavier mesons and strange barJhe best case for a neutron star having a mass significantly
ons are believed to play a rolsee, e.g.[36] and references higher than the canonical value is probably the X-ray pulsar
therein,[8—17,4Q). Ultimately, at the center of the star, a Vela X-1, whose mass has been measured kinematic8ly
quark matter phase may appear, either alone or coexistingiving a best value of 1.88 (although the uncertainties are
with hadronic mattef18-21]. sufficiently great that a mass of around .4 cannot be

We have constructed an equation of state for zeroexcluded. Observational constraints on the radius are rather
temperature beta-stable nucleolepton matter using the uncertain at presetisee[57] for a review but one hopes for
SMO nucleon-nucleon interactiofiboth SMO1 and SMO2 improvements in the coming years. Values in the range
parameter setsDetails of the derivation are given in Appen- 10—13 km are generally thought to be reasonable.
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We also calculated a number of other key properties obf the space-time in the vicinity of the star. This is the only
our neutron-star models. The total baryon number is given byotational modification appearing at first order @ rota-
tional deformation of theshapeof the star and of other com-

A JR 4arr?n(r)dr (16) ponents of the metric do not appear until second order. The
~ Jo (1-2Gm/rc?)1? frame dragging angular velocity is calculated from the
equation
and the binding energy released in a supernova core collapse
forming the neutron star is approximateB,;,=(Amy 1d/[,do dj
—M)c?, wherem, is the mass per baryon 8fFe. Analysis BarlTgr] ~4gr (@-e)=0, (22)

of data from supernova 1987A leads to an estimat&pfy
=3.8+1.2x 10 erg[58]. The gravitational redshift of pho- wherej=e~**"_ In the vacuum outside the star, this has
tons emitted radially outwards from a neutron-star surface igshe analytic solution

given by
2GM\| 12 26 (23)
0= 773,
Zoyi=| 1— RCZ) -1 a7 cer

Other quantities of interest for possible comparison with Ob_whereJ Is the angular momentum of the star. It is convenient

servational data are the minimum rotation perigg, (see to work in terms ofw/(). By integrating Eq.(22) out from

[59]) and the moment of inertiZ (see[60]). The minimum th.ehCEnter aqd matclhl_ng bIOﬂ.’ and dew/dr atlth? sur;ace
period is given by the centrifugal balance condition for anWlt the exterior analytic solution, one can calcuiate the cen-

equatorial fluid elemen.e., the condition for it to be mov- tral value ofw/() and the moment of inertiaZ= J/(2).

ing on a circular geodesic While determining this accu-

rately requires using a numerical code for constructing gen- B. Results and discussion

eral relativistic models of rapidly rotating stars, quite good  Construction of satisfactory neutron-star models requires
values can be obtained from results for nonrotating modelg, detailed knowledge of particle interactions in the nuclear

using the empirical formulg61,62 and supernuclear density ranges. As there is still a lot of
M 120 R a2 uncertainty about the details of these interactions, and the
= max __max available observational data for neutron stars does not yet
Tmin= 0.82 ms, (19 : _ _ >
Mo 10 km provide very stringent constraints, all equations of state

o . yielding data within a rather broad range of “acceptable”
whereM pa, and Rpya, are the gravitational mass and radiusg1yes for relevant observables are viewed as possible de-
of the maximum-masgonrotating model for the given EOS. grintions of neutron-star matter. However, while the test for
The shortest period so far observed is 1.56[6% but itis  he SMO model provided by neutron-star observations is un-
possible that this limit may be connected with the techniquesyyynately not yet very precise, it is nevertheless valuable to
used for measuring pulsar periods rather than being a gendge \what predictions this model gives and to compare them
ine physical limit. The moment of inertia is calculated in ayith those obtained with other models containing different
somewhat indirect way. For all pulsars so far observed, th%hysics.
rotation is sufficiently slow that the general relativissiow We show first in Fig. 8 the calculated gravitational masses
rotation approximatior{63] gives a rather accurate descrip- ot neytron-star models, plotted as a function of radius, ob-
tion of the star and the surrounding space-time. Working tQained for beta-stable nucleeriepton matter using the
f!rst order_ in the angqlar velocity) of the star, the space- gp01 and SMO?2 interactions supplemented by the BPS
time metric can be written as EOS at low densities and extrapolated up to a density of 1.7

20 202 N2 e 2r A2 o _ 2 fm™°. Equivalent results for the SLy23(&] Skyrme inter-
ds’= - ecdt*+ e dr®+ r¥[d e+ s o(d b wdt)&’g) action and the Al18 v +UIX* potential of Akmal, Pan-
dharipande, and Ravenh@ll0] are shown for comparison. It

where can be seen that all of these EOSs give a maximum mass of
around M, with a similar corresponding radius, but that
~ 1 the values for the radius of a M4, “standard” star vary
& =1 2Gmirc? (200 significantly (see Tables Il and Iy The SMO1 and SMO2
interactions giveR; ,~12.10 and 11.76 km, respectively, as
and compared withR; ,~11.5 km for the SLy230a and A1l8
+ v +UIX* models.
dv _ G(m+47Prd/c?) As discussed earlier, the EOS for the beta-stable nucleon

(22) +lepton matter is not expected to give a realistic description

at densities higher than (2—-18), since particles other than
with all quantities referring to the nonrotating reference con-neutrons, protons, and leptons are probably present in matter
figuration (before applying the rotational perturbatjcspart  at higher densities. In Fig. 9 we show examples of the rela-
from w, which represents th@ragging of the inertial frames tion between gravitational mass and radius for neutron-star

dr r(rc2—2Gm)
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FIG. 8. Gravitational mass plotted against radius for neutron-
star models calculated using beta-equilibrinrt p+ .+ e matter
extrapolated to higher densities. At low densities, the BAEOS
was used in all cases. For further details and references, see tex 0.4 |
Note that here and in the following two figures the uMit stands

for Mg .
models constructed using EOSs for such multicomponent 9 g 10 12 14 16
matter above the threshold for production of heavy baryons. R [km]

The results given by the SMO1, SMO2, SLy230a, and A18 _ _
+dv+UIX* composite EOS'Yextended to low densities FIG. 9. Gravitational mass plotted agalnst radius for n_eutron-
using BPS and to high densities using BJ in exactly the samfar moldels calculated using a high densn){ EQOS for hadronic matter
way) are compared with those of the original BJ EOS, anconta_u_rnng ht_aavy baryons. All of the EOS’s were extended to low
RMF EOS of Glendenningsee Table 5.9 in Ref18]—this densities using the BPS E?S. Results for the SMO1, SMOZ,
includes the baryon octet together with electrons and muong-y2308, and A18 du +UIX* models are compared to predic-
in generalized beta equilibrimand two recent calculations tions from the Bethe-JohnsdiJ) EOS, the RMF EO$18], and

; - o ! the recent work of Baldo, Burgio, and SchulZe] based on real-
using realistic potentllals. AVIBTBF (TBF stands for three.- istic potentials including three-body forces. For more details see
body force and Paris- TBF [13]. As expected, the maxi-
mum mass calculated with the BJ EOS is essentially the
same as those for the composite ones, because the maximungnts of the radii of neutron stars could provide a powerful
mass is mainly determined by the high density part of thediagnostic for constraining the equation of state at around
EOS. On the other hand, there are significant differences inuclear matter density, and Fig. 9 shows how such measure-
the calculatedradii for lower-mass stars. The composite ments could give a pointer to the relative merits of the SMO
SMO models show a very similar behavior to that for theand Skyrme pictures.
original Bethe-Johnson EOS over the whole range of central The maximum mass for the RMF model is just above the
densities represented here. In contrast, the compositexpected lower limit 1.4 . Surprisingly low maximum
Skyrme-type modelgit should be remembered that Akmal, masses of~1.2M. have been calculated in the work of
Pandharipande, and RavenhdllO] use a generalized Baldo, Burgio, and Schulzg 3]; this seems to rule out their
Skyrme interaction to construct their EOS from the energiesnodel since neutron stars have been observed with masses
of symmetric nuclear matter and pure neutron matter calcugreater than this and rotation speeds that are not sufficient to
lated using the Al8& dv+UIX* realistic potentidl yield raise the maximum mass significanfy3]. Comparison of
smaller radii and give a steeper decrease in mass, with irFigs. 8 and 9 illustrates the softening effect on the EOS
creasing radius for stars with masses in a region aroundaused by the presence of additional types of particles, lead-
1Mg . Although both the SMO and Skyrme interactions areing to lower predictions for the maximum mass with multi-
effective models giving very similar saturation properties forparticle matter than with nucleenlepton matter, as dis-
infinite symmetric nuclear matter, they are inherently verycussed in the preceding section. Hyperon populations in
different. The main point is that their density dependence iglense matter reduce the energy of the baryon Fermi seas on
not at all the same and so it is not surprising that the correaccount of the Pauli principle and consequently reduce the
sponding curves for mass against radius should be differenbtal energy. The baryon pressure, which opposes gravity, is
in view of the fact that each curve represents a sequence also reduced giving lower maximum masses. Predictions of
neutron-star models with a range of central densities. As emrmeutron-star radii, both for maximum-mass models and for
phasized by Lattimer and Prakaph7], accurate measure- 1.4M, models differ with different EOS’s. Unfortunately,
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right) plotted versus stellar mass.

0.6 B

Zaunt

04 -

1[10* gem?]

02

0 0.5 1 1.5 2 0 05 1 15 2
MIM] MIM]

however, as mentioned above, the observational limits ogal values of nuclear matter observables. For nucleon
radii are rather imprecise and all of the EOS’s discussed int |epton matter in beta equilibrium, they predict that the pro-
this paper give acceptable radii. ton fractiony, would increase with increasing baryon num-
In Fig. 10 we show results obtained with the SMO2 per density, which is in line with present understanding and
+BPS+BJ EOS for the gravitational mass plotted as a functhe predictions of models using a variety of current realistic
tion of the central baryon number density and the depen- effective potentials. We have also constructed neutron-star
dence on stellar mass of the binding eneEyy,q, the sur-  models using a composite EOS, which employs these inter-
face gravitational redshifty,¢, and the moment of inertid.  actions in the appropriate density range and joins onto other
For the most part, these do not depend significantly on thevell-established EOS’s at lower and higher densities. The
high density part of the EOS and the curves are almost idendifferent regimes can be made to match well, and the prop-
tical for the SMO2+BPS and SMOz BPS+BJ models. erties of the models calculated in this way are consistent with
Comparison with the results of Chabareital. [6] for the  observational data for real neutron stars. Hence, the sepa-
SLy203a model shows very similar behavior and the resultgable interaction approach has been shown to work very well
are consistent with expectations for neutron stars. both for finite nuclei and for nuclear matter and is now ready
The numerical results for the neutron-star models calcufor detailed application to a variety of phenomena in nuclear
lated using the SMO interactions are summarized in Table llktructure.
for neutron stars with the maximum mass, and in Table IV
for 1.4M5 models. Again, these are very consistent with
expected values and with the results obtained with the ACKNOWLEDGMENTS
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V. CONCLUSION

. s APPENDIX A
We have here calculated the properties of infinite symmet-

ric and asymmetric nuclear matter using the newly devel- We give here a calculation for the observables of symmet-
oped separable monopole interactions SMO1 and SMOZic and asymmetric nuclear matter using the separable mono-
Both interactions give an adequate fit to data for finite nuclepole interaction. We consider general asymmetric nuclear
and give excellent agreement with accepted inferred empirimatter characterized by the parameter
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N—2Z where we have introduced two constangsandc,, which
l=— (A1) will be used later.
We evaluate the potential energy due to our two-body
The proton and neutron number densities are defined igeparable interaction in a basis of plane wave states
terms of thel parameter as

1 - -
For|\)=—e* Ty £, . (A5)
np= 2(1 Hn, (A2) { ) NY;
1 The total potential energy due to a two-body interaction in a
Nh=2(1+0n, (A3) " many-body system may be expressed as
wheren is the total number densitfn=n,+n, in nuclear 1
matte). The kinetic energy per particle for genetab VZEE (A V(1,2 N ) = (A V(1,2 | uN)]=Ep—Eg,
A
T 423 1 (A6)

A 2m 5(3772)2/ (1 |)5/3 2/3

where\ and u each represent all of the quantum numbers of
the individual particles and the sums run over all occupied
states.Ep is referred to as the direct term aiftt as the
exchange term. Considering first the direct term, with the
isospin-independent part of the two-body interaction acting
between the plane wave states, the energy is

2

f
Pn 2 2/3 5/3,2/3
+—2m 5(377' ) (1+|)

1 1
chﬁg(l_|)5/3n2/3+ Cnﬁ?(l—'— |)5/3n2/3, (A4)

1 k<kgp k<kg
ED: E E <k)\0')\7')\k'u “ ILlef (n)nﬁfnﬁ§|k}\(f}\7')\k UMTM>

&=a,r 2k)\(r)\7)\ k,o,7

n ot
1 1 1 _ Lo\2
= N — _ 3ra—ik-r Be ik-r
2, SWenaar (42k Vfd re 'k Tnfee ) : (A7)
Using the fact that in infinite nuclear matter the density is constant, the quamtities/ be taken outside the integrals:
Ep= >, 1W 16 n2Be > 1 2: > 8w n2ﬂ§a§v1<lk3vi>2= > AEW n2fa-agtl (A8)
P Sar 2 fnasv K £=ar ¢ 3TF (277)3 S 2 ¢ '
and so the contribution to the energy, per nucleon, is
Ep 1 1
KD=Ewanzﬁa—“a+1+EwrnZﬂr—“r“. (A9)

The exchange terrk, is given by
k<|<F k<kg

E.= E > E 2 (kyoymk,o, M|W§fa§(n)n5§('71)nﬁ§(r2)|kﬂU#TﬂkaxTﬁ
E=a,r £kyo\my, ky.‘TpLT/.L

1 kske o k<ke 2
= _ 3ra— Ky - ThBaik, T
E Werd@m szﬂx ) GET fd re” "o nfekuts, 5, (A10)
nE
Again takingn to be constant, the integral just givesddunction:
1 4 ke X Vo (ke 1

E.= “W,——n?h: Sk = 2W,n2Pe ey~ —— f A7k’dk | = —n?Pemastl (AL
¢ §:2a,r 2 fnwv kzl\ kEM Kk gzza,r ¢ (2m)° Jo T =ar 2 ( )

and the exchange energy per nucle&j/(A) tends to zero ag— .

When considering asymmetric nuclear matter, there is a contribution to the total energy from the isospin-dependent terms
in the interaction. The terms with coefficiersts anda, contribute only to the exchange. In this case, the space exchange is the
same as the above cagell) and so no contribution arises from this term in nuclear matter. The direct energy due to the terms
with parameterd, andb, now depends on the nucleon species. The derivation proceeds as fdAEpand (A8), giving
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1 The requirement of charge neutrality of the matter implies
Ep= Enggnz'Bg_agV(np—nn)z- (A12)  ny=ng+n,.

fmar In order to obtain the equation of state, the total energy
density of then+p+e+ u matter is written as the sum of
the nucleon and lepton contributiof&]:

p

and the energy per particle is

1 e
ED/A=§:2a’r§W§b§nzﬁ§ CHnpmnp? (A1) g(ng,ng.ng,n

) = €n(Np,Ny) +Nymc?+nym,c?+ eq(Ne)
+€,(n,)+n.msc2+n,m,c?, B4
The energy per particle of general asymmetric nuclear matter €u(Nu) + NeMe moR B4)
can be written in terms of the total density and the asymme- . .
try parameteil using Eqs.(A4), (A9), and(A13): Wh?r?.fN:nng [see _Appendlx A Eq(A14)]. Given these
' ' definitions and conditions, the EOS is determined by two
T+Ep expressions:
En=&=—4
_ e(np) _ ,d(e/ny)
p(Ny) = 2 P(nb)—nb—dnb , (B5)

1 1
— sz??(l_ | )5/3n2/3+ Cnﬁ?(l—’— I )5/3n2/3

1 1 wherep is the mass density of the matter. The EOS is ob-
+ W, n2Pa=@atly \ n2hr-artl tained by eliminatingn, between Eqs(B5) and giving the
2 2 pressure as a function of the mass density.

The expression for the nucleon energy density can be

1 1
+§Waban23a*“a*1l2+§Wrbrn25r*“r+1l2. written, using Egs.(A14) and (A1)—(A3) and setting
n=ny, as
(A14)
5/3 5/3

en(Np,Np,NL) =Cpny°+cpn
We label the energy in EqA14) as &y for use in the fol- N(Mo M /M) =™+ Caly
lowing section(Appendix B to stress the fact that it repre- +£W 2a-aat2 ) Ly 28— art2
sents the nucleon component in beta-stable nuetéepton 2 Wallp 2"y
matter.

1 2 —_
+=W,ban2Pa"%(n —n )2
APPENDIX B 2 a7ab (M= 1p)

The equation of state of beta-stable nucleo#lepton matter 1 _
_ o Jr—Wrbrnﬁ’gr “"(n,—np)? (B6)
This matter, consisting of neutrons, protons, electrons, 2

and muons in equilibrium with respect to weak interactions
(making the usual assumption that neutrinos leave the systegt, in terms ofn, and the baryon fractiond3), as
and thus are not contributing to the equilibrium conditjoss
characterized by the following processes:

1
_ 5/3,,5/3 5/3,,5/3 2B~ ayt+2
eN(nbaypaYn)—Cpnb?yp +Cnnb3Yn +_Wanb a e

n—p+e <ptu . 2

Equilibrium implies that the chemical potentials should sat- +EW nzﬁr—ar+2+}W b.n2Pa~aat2
isfy the following conditions: 2°"b 2 aah
= = 1 —a
Hn=HpTfer  Mu™ He, (B1) X(Yn_yp)z-‘_iwrbrniﬁr rJrz()’n_Yp)z-
with eachu being defined by (B7)
(96 . . . .
Hi= (B2)  To simplify the calculation, the constants andc,, [defined
J

in Eq. (A4) of Appendix A] are taken to have the same value

; 1 i
wheree is the total energy densityncluding the rest masses B, using an average nucleon mass: 25$3mP+m”)' The first

H 5/3 5/
of the particles involverand then;'s are the particle number WO terms in Eq(B7) then becomegny™(y, "+ y; ). ,
densities. The latter are used to define particle fractions with EXPression(B7) is then used to calculate the chemical
respect to the total baryon number density=n,+n,: potentials

de d(elny) 22

“an aniing)  ay; (B8)

n;
y(nj)= Y (B3) Mi
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whereE=Ey+ &+ -=€lny is _the total energy per baryon M= Mp= My M= Me (B17)
of the n+p+e+u matter. Using expressiofB7) and &y
=ey/n, the proton and neutron chemical potentials aretogether with the charge neutrality requirement,
given by o
Yp=YeTY, Qiving ynzl_ypzl_ye_y,u,-
9E 5 28y a1 (B18)

o= n§’3yz’3—W b.n
a
" ‘?y 3 P ° The equilibrium electron fraction and muon fraction can be
X(yn_yp)_wrbrnﬁﬁr_“r‘*'l related via Eqs(B14) and(B15):
1 3/2
X(Yn=Yp) (B9) _[[MuC 213
n p ye ﬁc (31‘[‘2nb)2/3+y'u“ y (Blg)
and
and by combining Eqs(B17)—(B19), the equilibrium rela-
f95N 23213 28 +1 tive fractionsy,, y., andy, can be calculated for any given
= a~ @a pr Yer m
UV ’8 o Yn +Wabah baryon number density, .

Now that the entire expression for the energy density
is known, the pressure can be evaluated. Since the protons
and neutrons interact strongly, their separate partial press-

X (Yn—Yp) + W, b nZPrm et

X(Yn=Yp)- (B10) ures cannot be defined. Instead, the nucleon pressure
; . . g calculated:
The expressions for the lepton chemical potentials can b
obtained using expressidB8) and the energy densiti¢sal- I(en/ny)
culated with the Fermi-gas model for noninteracting fermi- PN:ng NTTD
ons[64]), Ny
5 9E
1 ,u4 =n2—N
€~ 12 (ﬁTe)s (B11) bon, any
1 1 1 . K _ Bn5’3(yﬁ’3+ y5/3
e G L i e
1 _
(812) +§(2,Ba_aa+ 1)Wan§3a ag+2

wherek=(372y,np)**ic. The electron energy is that for

the ultrarelativistic limit. Also, there is a contribution from

the Coulomb interaction. The direct term is zero due to the +§(23r a,+1)W,ny
charge neutrality of the system, but the exchange term pro-

2B —a,+2

vides a small contributiofd]: 1 N
3/3 13 +§(23a aa)W banZBa a+2(yn_yp)2
€ce™ T 5| = ez(yenb)4/3- (B13)
2\m 1 2B, —ap+2 2
+§(2,8r r)W brn (yn_Yp) . (BZO)
It follows that
— hic(3m2y ) M3 (B14) The electron and muon pressures and the Coulomb exchange
Yello pressure are calculated in the same way to be
and 1 4
= _Me
= (m,c)?+h%c?(3m%y ,np) =, (B15) Pe= 10,2 (hc)?’ (B21)
Below the threshold for the creation @f , the equilib- 1 1 5
rium condition holds: P.=152 o .k ,ui—zmic“)
Mn— Hp— se=0. (B16)
. ST o _ +§ m*c®ln 'u“+2k , (B22)
Charge neutrality of the matter implies that=y,; since 2 K m,C
YptYn=1, condition(B16) can be rewritten as a function of 3
yp only and solved for the equilibrium value gf at a given 13\, 43
densityny, . Pee=—35| | © (Yenp) ™™, (B23)

Above the muon threshold.e., when the difference be-
tween the neutron and proton chemical potentials exceedshere the momentum in the expression for the muon pres-
the rest mass of the mupwe have sure isk=(37%y ,np) Pic.
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