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Hyperon stars in the Brueckner-Bethe-Goldstone theory
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In the framework of the Brueckner-Bethe-Goldstone theory, we determine a fully microscopic equation of
state for asymmetric anél-stable nuclear matter containidg andA hyperons. We use the Paris and the new
Argonne Av ;g two-body nucleon interaction, whereas the nucleon-hyperon interaction is described by the
Njimegen soft-core model. We stress the role played by the three-body nucleon interaction, which produces a
strong repulsion at high densities. This enhances enormously the hyperon population, and produces a strong
softening of the equation of state, which turns out almost independent on the nucleon-nucleon interaction. We
use the new equation of state in order to calculate the structure of static neutron stars. We obtain a maximum
mass configuration withM ,,,=1.26 (1.22 when the Paris Av.g) nucleon potential is adopted. Central
densities are about 10 times normal nuclear matter density. Stellar rotations, treated within a perturbative
approach, increase the value of the limiting mass by about 12%.

PACS numbgs): 26.60:+c, 21.30.Fe, 21.65:f, 24.10.Cn

[. INTRODUCTION at very high densities, nuclear matter is expected to undergo
a transition to a quark-gluon plasma]. However, the exact
The nuclear matter equation of stdfeO9 is the funda- value of the transition density is still unknown because of
mental input for building models of neutron stgi¢S9 [1].  some technical problems in the QCD lattice calculations for
These compact objects, among the densest ones in the uffinite baryon density. In this paper we disregard these phe-
verse, are produced during the gravitational collapse of masiomena, because they lie outside the scope of Brueckner
sive stars, which explode into supernovae at the end of thetheory that is applied here. In particular, we concentrate our
evolution. Neutron stars are observed as pulsars: because inf/estigation on the production of strange baryons. We as-
their fast rotation they emit only in particular directions regu-sume that a baryonic description of nuclear matter holds up
larly spaced pulses of electromagnetic radiation. Althougho densities as those encountered in the core of neutron stars.
almost 700 pulsars have been detected so far, their gravita- In a previous articl§4] we presented a microscopic in-
tional mass can be inferred only from observation of a fewvestigation within an extended Brueckner-Hartree-Fock
binary systemg2]. The observed NS masses are typically(BHF) scheme for determining the chemical potentials of the
~(1-2)Mg (where Mg is the mass of the sunMy  different baryonsif,p,2 ~,A) in a fully self-consistent man-
=1.99x 10* g). Above M, NSs are commonly believed ner. We used in our calculations the Pdig and the Ar-
to collapse into black holes. Typical radii of NSs are thoughtgonnev 1, [6] nucleon-nucleon NN) interaction, modified
to be of order 10 km, although direct measurements do ndby three-body force§TBFs), in order to get the correct satu-
exist, whereas the central density is a few times normafation point of nuclear mattef7]. In that paper[4] we
nuclear matter densitypp~0.17 fm3%). This requires a de- adopted the Nijmegen soft-cof8] potentials for describing
tailed knowledge of the EOS for densitigs> pg. the nucleon-hyperon interaction, whereas no hyperon-
This is a very hard task from the theoretical point of view. hyperon potential was taken into account, due to lack of
For instance, the present uncertainty on the equation of statestricting experimental data. We mainly concentrated on the
at high density implies an uncertainty on the value of thecalculation of the onset density of t&  and A hyperons.
maximum mass, important for distinguishing between neuWe found that thresholds are reached at densities beginning
tron star or a black hole formation. In fact, whereas at denat about 2—3 times normal nuclear matter density, for all the
sities p~ p, the matter consists mainly of nucleons and lep-different nuclear equations of state considered.
tons, at higher densities several species of particles may In this paper we proceed further and present results con-
appear due to the fast rise of the baryon chemical potentialserning the equation of state of asymmetric g8etable
with density. Among these new particles are strange baryonguclear matter containing ~ and A hyperons, obtained in
namely, theA, X, and E hyperons. Due to its negative the BHF theoretical scheme. We adopt the Paris and the new
charge, thex ™ hyperon is the first strange baryon expectedArgonne v,5 [9] NN potentials, eventually modified by
to appear with increasing density in the reactioin—p  nucleon TBFs according to the Urbana model, and the
+27, in spite of its substantially larger mass compared toNjimegen nucleon-hyperon potentials. In these calculations
the neutral A hyperon My-=1197 MeV,M,=1116 still no hyperon-hyperon interaction is included. We deter-
MeV). Other species in stellar matter may appear, such as mine microscopically the chemical potentials of the various
isobars along with pion and kaon condensations. Moreovesspecies. Their concentration is inferred by imposing the con-
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ditions of chemical equilibrium, along with charge neutrality concerning the particular application to neutron star physics.
and baryon number conservation. In general, we observe laturns out that in this case, besides the nucledhsn,p,
softening of the equation of state with respect to the purenly theY=23",A hyperons appear as stable particles in the
nucleonic case because of the increased number of baryonicatter, limiting the baryonic Fermi seas to these four spe-
species. The main result of our work is that in the presenceies.(Other types of hyperons appear in virtual intermediate
of hyperons the inclusion of the nucleon TBF does not prostates, of courseWe also remind the reader that for the
duce any significant change in the equation of state witlpresent work no hyperon-hyperon potentials are used, lead-
respect to the case with only two-body forces. This is quiteng to simplification in some places.

astonishing because, in the pure nucleon case, the repulsive Then, the extended Brueckner scheme requires as input
character of TBFs at high density increases the stiffness ahe nonrelativistic nucleon-nucleon and nucleon-hyperon po-
the EOS, thus changing dramatically the equation of statéentials. With these potentials, the varioGs matrices are

[7]. However, when hyperons are included, the presence dadvaluated by solving numerically the Bethe-Goldstone equa-
TBFs among nucleons enhances the populatiadn oand A tion [12], written schematically as

because of the increased neutron and proton chemical poten-

tials with respect to the case without TBFs, thus decreasin , Q. )

the nucleon population. The net result is that the equation o ab[W]:Vab"'g 2 Vacdpp )m(pp |GeplWI,

state looks very similar to the case without TBFs, but the PP 1)
chemical composition of matter containing hyperons is very

different when TBFs are included. In the latter case, the hyyhere the indices. b. ¢ indicate pairs of baryons and the

peron populations are larger than in the case with only tWOangIe-averaged Pauli operatorand energyE determine the

body forces. This has very important consequences for the,gnagation of intermediate baryon pairs. In a given nucleon-
structure of the neutron stars. Of course, this scenario CO“'Hyperon channet=(NY) one has, for example

partly change if hyperon-hyperon interactions were known or

if TBFs would be included also for hyperons, but this is K2 2

beyond our current knowle(_ige of the strong interaction. E(ny)=My+my+ % + # + Up(kn) +Uy(ky).
We apply our new equations of state to the calculation of N Y

the static properties of neutron stars having hyperonic cores. @)

The values of the maximum mass configuration, i.e., mass ) . _ - .
radius, and central density, turn out almost independent O;qhe_ hyperon_ single-particle potentials within the continuous
the chosen two-body nucleon-nucleon potential. On the othef0ice are given by

hand, the values of the central densities are quite different

when TBFs are taken into account, producing less compathY(k): 2 UM (k)

stars than in the case without TBFs. Therefore hyperon stars, N

i.e., nucleon stars with hyperonic cores, collapse earlier than

pure nuclear stars. Stellar rotations, which are treated here _ / , /
within a modified Hartle-Thorne methdd 0], increase the ReN:En,p k’<Ek(N) (KK IG v Egen (K kD][KK)
value of the maximum mass by about 12%. However, only F

configurations rotating at their Kepler frequency have been )
calculated.

This paper is organized as follows. In Sec. Il we reviewand similar expressions of the form
some formalisms in the BHF scheme with hyperons, with a
discussion of the method chosen for the calculation of the B (N') )
baryon chemical potentials. We also discuss the equilibrium UN(k)_N,gn o UN (k)+Y:§, N UN“(k) )
compositions among the different baryonic species and the ’ ’

equation of state. In Sec. il we illustrate our results. In Par-apply to the nucleon single-particle potentials. The nucleons
ticular, in Sec. Ill A we discuss the behavior of the single-faq| therefore direct effects of the other nucleons as well as
particle potentials for all involved species as calculated in thg e hyperons in the environment, whereas for the hyper-
Brueckner theory. The matter composition is illustrated ingns there are only nucleonic contributions, because of the
Sec. lll B, along with the equation of state. Special emphasiﬁ“ssing hyperon-hyperon potentials.
is put on discussing the role of the nucleonic TBFs in Sec. Equations(1)—(4) define the BHF scheme with the con-
Il C. In Sec. 11l D we analyze the static properties of neutronn,ous choice of the single-particle energies. Due to the oc-
stars and the!r variations paused by the rotations. Our consrrence ofUy andUy in Eq. (2) they constitute a coupled
clusions are finally drawn in Sec. IV. system that has to be solved in a self-consistent manner. In
our previous worl4] those equations were solved for zero
Il FORMALISM hyperon fraction, since we were interested only in their onset
) density. In the present paper we proceed further and perform
For a detailed account of the extended Brueckner theorgalculations for arbitrary nucleon and hyperon concentra-
including hyperons we refer the reader to R¢fd.and[11].  tions. Therefore the above equations must be solved for sev-
Here we repeat only the basic formulas and give some detailsral Fermi momenta of the particles involved.
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Once the different single-particle potentials are known,
the total nonrelativistic baryonic energy densityand the

total binding energy per barydd/A can be evaluated:

€
= : 5
Pntpptps-tpa

>| W

B kdk Ik k? 1 B
E—i:n‘pE'E7'A fo —z mi+2—mi+ EU,(k) =ennT Eny
(6)
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X my+kTY+[U(Y”)(k)+U(vp)(k)] : (70

2

Here we have split the energy density into a part due to the
action of nucleon-nucleon forcesy and due to nucleon-
hyperon forceseyy. These quantities depend on the total

baryon density of the system=pn+py, (Pn=pntpp,
py=ps-+py), and on the baryon fractiong;=p;/p, i

=p,> ,A. However, due to the fact that the single-particle
potentialsU (!’ andU P depend only indirectly and therefore
very weakly on the hyperon partial densities, the energy de
sity eyn depends, to a good approximation, only on the
nucleonic partial density and the proton fraction within the
nucleonic subsystengyy=exn(pnX= pp/pn), Whereas the

dependence on the hyperonic partial densities is concentrat

in ENY -

This facilitates the determination of the chemical pote

tials. They are given by

Je

mn(p:Xp,Xs =, X)) = ﬁ”ﬂn(pN X)+US (kD)
n

UMD, (8a)

Je ) (1)
Mp(vavaZ‘vXA):awﬂp(PN’X)‘*’Up (kF)
p

+UEV(kP), (8b)

n_
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de kg)z

Xy Xs =, X)) = —=~Mmy+
My(p piis A) Ipy \4 2my

+UPKE)
+UP(KE), (80)

where Eqgs.(7b), (7c) were used in order to arrive at Egs.
(8a)—(80).

The contributions to the chemical potentials dueetg
are then the same as in the system without hyperons, namely,

_afNN_ 1+ Jd Jd B 9
Mn(pn X)) = o PN XA - (93
‘9€NN
Hp(pN X)) = 2(1 PN (1_X)—>— )
dpp ox/ A py=0
(9b)

whereas the contributions duedgy can be expressed by the
appropriate components of the single-particle potentials,
which represent corrections to the Fermi energy of the dif-
ferent species. This last step amounts to neglecting certain
“rearrangement” contributions that appear in the exact ex-
pressions for the chemical potentials, namely, from Edks.
one obtains

deny _ D

VIS

Wdk kK dUR (k)

UM kmy
n ( F) szn,p 0 ? dpn

(109

Jeny kE )2
=my-+

dps- 2my -

mdk k& UM (k
TS e LT
y=3",A N=n,p

o T dpx-

+Us-(kE )

and similarly forp and A. Here the last terms represent the
rearrangement contributions due to tkeak dependence of
U{"” onp, andU{M on ps -. In the following, the rearrange-
ment contributions o&yy will be neglected, while the much
more importanky is treated exactly, as specified in Ef).
This simplifies considerably the numerical effort.

This approximate treatment @f;y is justified, apart from
élae fact that the nucleon-hyperon forces are weaker than the
nucleon-nucleon forces, by a peculiarity of the BHF ap-

n_proach[12], where the chemical potential of a species is

given by
M:eF+U2(kF)+"'. (11)

Hereeg= k§/2m+ U(kg) is the Fermi energy, as determined
from the BHF single-particle potential atd, is the leading

(of second order in the hole line expansigrarrangement
contribution to the single-particle potential, which is given
by a diagram representing the conversion of a hole state into
a particle state. It therefore vanishes in pure neutron matter
for all species different from the neutron, in particular for the
proton and the hyperons. For the neutron itself, it was shown
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in Ref. [13] that in pure neutron matter the second order(8a), (8b) were found to depend only weakly on the proton
rearrangement contribution is rather small, due to the relafraction x, and parametrized as function pf andx. .
tively weak neutron-neutron interaction. Therefore, in neu- Once the chemical potentials of all species are known,
tron matter with not too large proton and hyperon fractions,one can proceed to calculate the composition of stellar mat-
the hyperon chemical potentials and the corrections to théer. At high density this is essentially constrained by three
nucleon chemical potentials are well approximated by theconditions:(i) chemical equilibrium among the different spe-
respective Fermi energies. cies, (i) charge neutrality, andii) baryon number conser-
As a further simplification we use the fact that in the vation. The chemical potentials are the fundamental input for
so-called parabolic approximatidi4], the binding energy solving the equations for the chemical equilibrium. At den-
per baryon in asymmetrithyperon-fre¢ nuclear matter de- sity p~p, we assume stellar matter composed of a mixture
pends, to a good approximation, quadratically on the asymef neutrons, protons, electrons, and muongiequilibrium

metry parameteB=1-—2x [electrons are ultrarelativistic at these densities,
=(3m2pxe)*?]. In that case the equations read
B B
K(PNaﬁ)%K(PNvﬁzo)"'ﬁzEsym(PN): (12 Mn= MpT te, (18
where the symmetry enerdys,,, can be expressed in terms He=™ My - (19)

of the difference of the energy per particle between pur

neutron (3=1) and symmetric §=0) matter G'Slnce we are looking at neutron stars after neutrinos have

escaped, we set the neutrino chemical potential equal to zero.
B B Strange baryons appear at dengity (2— 3)po [4], mainly
Esyr(on) =75 (pn.B=1)— 5 (pn.B=0) in baryonic processes such asn—p+3~ andn+n—n
A A i -
+ A. The equilibrium conditions for those processes read

_14(BIA)

> T(pN,le). (13 ZMnZMp_"/*LE’v (20

L . . Hn=py - (21)
The composition of neutron star matter is crucially depen-

dent on the nuclear symmetry energy. This quantity stronglyFurther, two conditions of charge neutrality and baryon num-
affects the onset of hyperon formation, as well as other prober conservation allow the unique solution of a closed sys-
cesses such as the neutron star cooling rgt&% In the tem of equations, yielding the equilibrium fractions of the
parabolic approximation one obtains for the nucleon chemibaryon and lepton species for each fixed baryon density.
cal potentials They read

, , 0 Pp=PetPutps-, (22)
ﬂp,n(PNiB):Mp,n(PN’O)_ B°E2B-pB PN% Esym(PN)
(14) p=pntpptps-Fpa. (23

Finally, from the knowledge of the equilibrium composi-

+ - i i . ) ; ) .
(+ forp, — forn), and in particular tion one determines the baryonic equation of state, i.e., the

_ B)=4BE _ 15 relation between baryonic pressi?g and baryon density.
L= ppl(on. B) = 4BEsynl o) (19 It can be easily obtained from the thermodynamical relation
As far as the hyperon chemical potentials, E8g), are d(elp)
concerned, in practice an effective mass approximation can 5= p2 P ) (24)
be employed: dp
(3m2py) 23 The total pressur® and the total mass-energy densétyare
My=My+ U$+ — (16)  then calculated by just adding the lepton contributions that
2my are well known from textbooks, see, e.g., Réfl:
where the “mean field”U$=UY(k=0) and the global ef- P=Pg+P,, (25
fective mass
. E=e+¢. (26)
m* U(kg)—U(0) |~
m_[}, Utke)~U(O) an
Kg/2m Ill. RESULTS AND DISCUSSION

depend on the variablesp(x,, Xs-, X,). While U} de- A. Single-particle potentials

pends sizably on all variables, in practice rather good fits to In order to illustrate some statements made in the previ-
the calculated single-particle spectra were obtained by takingus section, we show in Fig. 1 a representative plot of the
into account only they dependence ah*/m. Similarly, the  single-particle potentials of the different baryons at fixed
corrections to the nucleon Fermi energies appearing in Egsieutron and proton densities, given py=0.4 fm 2 and
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py =0.4fm?, p /oy = 0.1, Paris NN & Nijmegen NY

4O pfpy=00 T pfpy=01 +  pglpy=02 ¥ =03 7 FIG. 1. The single-particle po-
o — S : ----------- .. ’ tentials of nucleons, p and hy-
e " "/ perons ~, A in baryonic matter
0 - of fixed nucleonic densitypy
/ =0.4fm"3, proton densityp,/py
- 20 Fooo i =0.1, and varyingS~ density
D 40 I ps-1py=0.0, 0.1, 0.2, 0.3. The
E vertical lines represent the corre-
D 60 T sponding Fermi momenta of, p,
-80 I and2, ~. For the nucleonic curves,
/ the thick lines represent the com-
-100 / plete single-particle potentials
120 1w Uy, whereas the thin lines show
; the values excluding th& = con-
140 L o e tribution, i.e, UM +UP .

0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
k [fm™]

pp/pn=0.1, and varying. ~ density. Under these conditions peron single-particle potentials are quite repulsive.

the X~ single-particle potential is sizably repulsive, while  The results displayed were obtained with the Paris
U, is still attractive(see also Refl4]) and the nucleons are nucleon-nucleon potential. With the Argonmgg one ob-
much stronger bound. THe™ single-particle potential has a serves only very slight quantitative changes and the corre-
particular shape with an effective mass/m slightly larger  sponding plots are not shown.

than 1, whereas the lambda effective mass is typically about

0.8 and the nucleon effective masses are much smaller. B. Stellar matter composition and equation of state
The influence of increasingy ~ density on the hyperonic ) )
single-particle potentials is only indire¢since there is no We come now to the presentation of our results regarding

hyperon-hyperon interactionand therefore rather small. neutron stars. In Fig. 3 we show the star composition ob-
There is some additional repulsion for the nucleons due téained when the Parigolid line) or the Argonnev 15 (dotted
the repulsive effectiveNS, ~ interaction, growing withs ~ line) potential is adopted as nucleon-nucleon force. Three
partial density. However, these effects represent small variscases are examined, respectivelg) no hyperons are
tions of the single-particle potentials observed in thepresent(b) hyperons are free, an@d) hyperons are interact-
hyperon-free system, which justifies the approximate treating with nucleons. In panéh) we show the particle fractions
ment presented in the previous section. versus the baryon density for matter containing only nucle-
The same principal conclusion applies also to Fig. 2, thabns and leptons, ignoring hyperons. We note that neutrons
displays the same information as Fig. 1, but at higher densiare the most dominant species up to very high values of the
ties py=0.8 fm 3 and pp/pn=0.2. The main quantitative baryonic density. Electrons and muons are present as well.
difference is the fact that under these conditions both hyThese general features are common to many models. How-

py =0.8fm?, p /o =0.2, Paris NN & Nijmegen N
150 bz/PNI= 00 | bz/pN'= 0.1

100

50

FIG. 2. Same as Fig. 1, but for
pn=0.8 fm™3 andp,/py=0.2.

U [MeV]

-50

100 F..-%
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for hyperon formation are weakly dependent on the two-
body force. The hyperon fractions are substantial at high
density and constitute a large portion of the stellar core mat-
ter. The appearance of hyperons induces a deleptonization of
the baryonic medium, mainly because of the charge neutral-
ity condition. Leptons disappear at high baryonic density,
thus hindering formation of kaon condensgié].

When the nucleon-hyperon interaction is taken into ac-
count, the scenario described above changes quantitatively.
In fact, since the&~ Fermi energy is repulsive starting from
densities just above normal nuclear matter denfgllly the
onset point is shifted to slightly higher density. On the con-
trary, theA formation starts at density lower than in the free
case because th& Fermi energy is attractive over a wide
range of densities. This is clearly shown in pat@l How-
ever, the hyperon population is smaller than in the free case
and deleptonization is less drastic, because the repulsive core
______ of the NY interactions becomes relevant at high density.
AT - SR However, even in this case, kaon condensation cannot occur.
0 0.2 0.4 0.6 0.8 1 12 Again, we note how those results are slightly dependent on

Baryon density p (fm™) the two-body interaction.
The main consequence of introducing additional particle

FIG. 3. Composition of neutron star matter in the BHF model. species into matter is the softening of the EOS. This soften-
The top panela) shows the results without hyperons, the middle ing is essentially due to the conversion of kinetic energy of
panel(b) results with noninteracting hyperons, and the lower panelthe already present species into masses of the new species.
(c) includes interaction between nucleons and hyperons. The decrease of the lepton population does add further soft-

ening, but this effect is quite small. The nature of the EOS is
ever, the value of the proton fraction is model dependentihus dependent on the number of species, as well as on the
and it affects strongly the direct Urca cooling rafés). details of the strong interaction. It can be instructive to begin

The picture changes when hyperons are taken into aguith the equation of state corresponding to the daei.e.,
count. This is shown in panelb) and(c). TheX ™ is the first  when no hyperons are present. This is displayed in Fig. 4
hyperon to appear, due to its negative charge, whefeas (solid line). On the left(right) hand side we show the equa-
formation takes place at higher density. Other hyperon speion of state obtained when the Parifug) potential is
cies do not appear in our model. In the free hyperon casadopted as nucleon-nucleon interaction. That calculation has
[panel(b)], the formation of¥, ~ starts at aboys~0.4 fm >, been improved with respect to the one published in R&f.
as was published in our previous papé}. In that paper the since more channels are now taken into account in the solu-
A onset point was approximate, because for its precise dejon of the Bethe-Goldstone equation. This has produced a
termination all the chemical potentials at finlte” fraction  better convergence of the iterative procedure for high values
are needed. This is performed in the present calculations, angt nuclear matter density.
now we estimate exactly th& onset point, which is located The properties of the EOS change when hyperons are
at aboutp~0.82 fm 3. As is clearly shown, the thresholds taken into account. In particular, the dotted line corresponds

Relative fractions

Fn

500 Frrrr o T Frrrr e e
450 ' Paris ' _ Av,, '
400 £ A F 7
— npe.u ] F — npew ]
350 F oo n,p,e W free Y 1 F - np,e u free Y ] FIG. 4. EOS of neutron star
200 £~ N:P.€ .M interacting Y ] E ---npeu.interacting Y ] matter in the BHF model. Results

without hyperons (solid lines,
with free hyperongdotted lineg,
and with interacting hyperons

Pressure (MeV fm™°)
n
3

200 F (dashed lings are shown. The
150 £ 1 F Paris(left) or Argonneu 4 (right)
wkbt S T ] E nucleon-nucleon potentials were
used.
50 F ] -
0 1 1 1

L ] - i L L L1
12 0 02 04 06 08 1 1.2
Baryon density p (fm™)
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to the case of nuclear matter containing leptons and free 126 —————7———T1
hyperons. The presence of hyperons induces a strong soften- [

ing of the equation of state. The inclusion of the nucleon- I iﬁag+TBF
hyperon interaction produces an equation of state stiffer than " OParis

in the free hyperon case. This is shown by the dashed line. . 190 " 5 payis . TBE
We observe a similar behavior when the Argomng poten- () A DBHF

tial is used.

However, it is well known that nonrelativistic calcula-
tions, based on purely two-body interactions, fail to repro-
duce the correct saturation point of symmetric nuclear matter
[17]. This deficiency is commonly corrected by introducing
three-body force$TBFs) among nucleons. This changes the
scenario described above. Our method of treating TBFs is
discussed in the following paragraph.

75

50

Symmetry energy E_ . (MeV

C. Inclusion of three-body forces 25

It is commonly known that a complete theory of three-
body forces is not available so far. Therefore one has to work
with phenomenological approaches. A realistic model for . T T T
nuclear TBFs is the so-called Urbana moded], which con- 0 0.2 0.4 0.6 0.8
sists of an attractive term due to two-pion exchange with
excitation of an intermediatA resonance, and a repulsive
phenomenological central term. We introduced the same Ur- £ 5. Nucleonic symmetry energy as a function of nucleon
bana three-nucleon model within the BHF approdfir  gensity obtained in different theoretical models of nuclear matter.
more details see Ref7]). In our approach the TBF is re-
duced to a QenS|ty depgndent _two-body f(_)rce by averaging We can proceed now to the discussion of the nuclear mat-
on the position of the third particle, assuming that the prob-

- . . . : . er composition when TBFs are included in the equation of
ability of having two particles at a given distance is reduce :
. ' . state. Please note that TBFs are included only for nucleons.
according to the two-body correlation function. The corre-

sponding EOS satisfies several requirements, nanilyt, Hyperons interact via two-body forces with nucleofvge

. adopt the Nijmegen soft-core potential, as discussed in the
reproduces correctly the nuclear matter saturation fafht Introduction), and do not interact at all among themselves.

(i) the incompressibility ismcompatible with values gxtractedsmce no experimentally tested hyperon-hyperon potentials
from phenomenolog19], (iii) the symmetry energy is com- 5re cyrrently available, this assumption is in line with the
patible with nuclear phenomenologly) the causality con-  exploratory character of this work. Of course, their eventual
dition is always fulfilled. introduction may change the scenarios resulting from our
Figure 5 shows the values of the symmetry energy for theynalysis.
different EOSs that we consider, namely, the nonrelativistic |n Fig. 6 we show the matter composition when the TBFs
Brueckner calculations with the Paris and the ArgoeRg  among nucleons is included in the BHF calculation. The no-
potentials with and without three-body forces. For compari-tation is the same as in Fig. 3, i.e., the solid line represents
son, we report also the symmetry energy of a recent calcuthe composition obtained with the Par$BF potential,
lation performed with a Dirac-BrueckndiDBHF) model  whereas the dotted line corresponds to the composition ob-
[20], but with the BonnA potential. We should remind the tained with the Argonné\v g potential. Let us first discuss
reader that the DBHF treatment is equival€dt] to intro-  the case without hyperons, displayed in pa@aglBecause of
ducing in the nonrelativistic BHF the three-body force cor-its repulsive character at high densities, the higher value of
responding to the excitation of a nucleon-antinucleon pairthe symmetry energy allows more easily the conversion of
the so-calledZ diagram[22], which is repulsive at all densi- neutrons into protons and leptons compared to the case with-
ties. We therefore expect that the symmetry energy calcusut TBFs. The proton fraction can now exceed the “critical”
lated within the DBHF approach is always larger than thevaluex,.;s~(11—15) % needed for the occurrence of direct
one obtained in the nonrelativistic BHF calculation, without Urca processefl5].
and with three-body force, since in the last case both an The chemical composition of nuclear matter changes
attractive and a repulsive component is introduced. Frontompletely when hyperons are taken into account. In panel
Fig. 5 we see that this is true for all the potentials discusse¢b) we show the particle fractions obtained when the hyper-
in this paper, except for the Argonne;g potential with  ons are free. We notice that the three-body forces shift the
TBFs, maybe because of its strongly repulsive core. On thenset points of botlt, ~ and A, as previously publishefd],
contrary, in the low density regiop&0.3 fm %), both BHF ~ down to densities 2—3.5 times normal nuclear matter density.
+TBF symmetry energies and DBHF calculations are veryDeleptonization takes place, and leptons disappear almost
similar. completely just after hyperon formation, because now it is

Nucleon density p,, (fm'a)
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TABLE I. EOS for B-stable matter with hyperons obtained in
the BHF approximation using the Argonmeg or Paris two-body
interaction complemented by the Urbana model for three-body
forces. We display the baryon densjty the total mass densitg,
and the total pressure.

p (fm™3) £ (10 gem 3) P(10** dyn cmi 2)
» Av.gt+TBF ParistTBF Av.gt+TBF Parist TBF
'% 0.08 1.27 1.27 0.07 0.06
g 0.16 2.64 2.63 0.42 0.39
_g 0.2 3.33 3.33 0.80 0.75
g 0.3 5.13 5.12 2.62 2.52
o 0.4 7.11 7.20 4.70 5.05

0.5 9.01 8.96 7.16 7.40

0.6 111 11.0 9.71 10.1

0.7 13.0 13.1 12.2 12.8

0.8 15.3 15.2 15.3 16.2

P S . 0.9 17.3 17.2 18.3 18.9

0 — 0.2' “ 'of4' = 'OTG' = '0.8' — 1 : 12 1.0 20.0 20.1 225 235

Baryon density p (fm_s) 1.1 21.8 221 25.7 27.2

1.2 23.9 24.4 29.3 30.5

FIG. 6. As in Fig. 3, but the nucleon-nucleon potentials are 1.3 26.0 26.2 33.3 345

supplemented by three-body forces. 1.4 28.8 28.5 38.8 39.2

15 311 311 43.7 45.2

more convenient energetically to maintain the charge neu- 1.6 33.5 33.4 49.0 49.7

trality throughZ ~ formation thang decay. At high density 1.7 354 36.2 53.2 56.2
nucleons and hyperons are present almost in the same pér-

centage.

This scenario does not change qualitatively when theand with TBFs. This is indeed the case and means that hy-

. S eron formation is a mechanism for pressure control, as al-
nucleon-hyperon interaction is included, see pdiel The P e '
main difference is that the hyperon onset points move agai g ai(iglfzuntgogyé;he authors of R¢23] within a phenomeno-
respectively, to higheflower) density because of the repul- 9 pp '

; , - . Finally, we comment on the deleptonization of the bary-
sive (attractive character of th&k (A) Fermi energy at onic matter. This is clearly indicated by the chemical poten-

those densities. Even in this case the stellar core is compos%glls drawn in Fig. 8. In pandl) we display the chemical
by an almost equal fraction of nucleons and hyperons. Once ™’ g. 6. 1np play

: o : I;%)otentials for neutrons and protons obtained with the Paris
again those compositions look very much the same both wit .
the Paris and théw ;5 potential potential supplemented by TBR¢he value of the neutron
18 .

The corresponding equations of state obtained when TBF@LaSS.haS been _sub.trac),edhereas in paneb) the electron
. . emical potential is shown. We observe a monotonously
are added to the two-body forces are listed in Table | and

shown in Fig. 7. On the leftright) hand side we show our increasing function of the baryon density when no hyperons

results obtained with the Parig\(,g) potential plus TBFs. are presentdashed liness whereas the appearance of nega-

The solid line shows the equation of state of asymmetrii[.lvely charged hyperons interacting with the meditsolid

B-stable matter with a percentage of electrons and muons ine) iqduces a strong deleptonization of the matter. Th_us 'ghe
. L Brmatlon of hyperons and the consequent deleptonization
looks much stiffer th_an the case when hyper.ons are 'ntro\7¥ill suppress meson condensatif24,25. Although kaon
duced. The dotted I!ng represents the equation of state %nd antikaon condensation has been proposed as possible
nuclear matter containing free hyperons, whereas the dash%gate of matter inside neutron stdfss], also recent investi-
line corr_esponqls to the case of hyperons intgracting with th%ations within the relativistic mean fi'eId approddb] find
gﬁfgwﬁhrgﬁf';?&‘ vI\];i:r\]IeT(I:SOFn;p?(rae t{;}i %iiit;%nﬁnzfss;?tgiggfhe onset of kaon condensation quite unlikely. In any case,
4 and 7, we see only a small’d.ifférence This can be under'[—h.e _importance of_meson conden_sation will be strong_ly di-
' . , el . minished by allowing for the dominant hyperon formation.
stood by looking at the final compositions, respectively, pan-
els (c) of Figs. 3 and 6. There we note that the net effect of
TBFs is a decreased presence of neutrons and an enhanced
population of A, whereas protons and~ are only slightly As already discussed in the Introduction, the knowledge
affected by TBFs, keeping the total percentage of neutrabf the equation of state is essential in order to build models
charge almost the same in both cases. Therefore, as far as thieboth static and rotating neutron stars. In fact, the EOS for
equation of state is concerned, we expect that the relatiog-stable matter can be used in the Tolman-Oppenheimer-

between pressure and baryon density is very similar withouVolkoff (TOV) equation§26,27 to compute the neutron star

D. Neutron stars
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500 T L L B | T ] T HELI B B Y AR

450 F Paris + TBF 1 F Av,, + TBF

400 F o 3 2 o 3
— [ —— hpe.,u ] — hpe.u ]
@ _ asp £ np, W free Y 3 Eooee np.e W, free Y 3
é [ —-— npe,u,interacting Y ] [ —- n,pe,u,interacting Y ]
> 300 F i F ]
[} o ] ]
= 250 | i F : i .
© : ] ] FIG. 7. As in Fig. 4, but in-
é 200 £ 1 F ] cluding three-body forces.
G 150 | {1 F :
o S AP LGS 1 :

100 F - F ]

50 1 F :

0 E L M. L. rulif} .‘I PR S T N T T TN N TN T TN AN T T ]
0 12 0 02 04 06 08 1 1.2
Baryon density p (fm™)

mass and radius as a function of the central density. As a first dm(r) )
step, we neglect the effects of rotations and calculate the ar =4mr(r), (28

mass-radius relation assuming that a neutron star is a spheri-

cally symmetric object in hydrostatic equilibrium. Then the G being the gravitational constafwe assume=1). Start-
equilibrium configurations are simply obtained by solving ing with a central mass densi§(r =0)=¢

) ., We integrate
tthsTsraV equations for the total pressuteand the enclosed ;¢ il the pressure on the surface equals the one corre-

sponding to the density of iron. This gives the stellar radius

» P(r) . 47r3P(r) R and the gravitational mass is then
dP(r) _ Gm(r)&(r) &(r) m(r) R
dr 12 2Gm(r) ' MGEm(R)=477fO drr2&(r). (29
1_ R
r
(27) For the outer part of the neutron star we have used the equa-

tions of state by Feynman-Metropolis-Tel[@8] and Baym-
750 T 71 Pethick-Sutherlandli29], and for the middle-density regime
600 b 2 I 44 (0.001 fm3<p<0.08 fm 3) we use the results of Negele

450 |

iy (MeV)

300 |

150 |

-- no Hyperons
— with Hyperons

b)

Paris + TBF

0.2

0.4

0.6

0.8

Baryon density p (fm™)

and Vautherir{30]. In the high-density partg>0.08 fm 3)

we use alternatively the equations of state displayed in Table
I. For comparison, we also perform calculations of neutron
star structure for the case of purely nucleonic asymmetric
and B-stable matter with some lepton fraction.

The results are plotted in Fig. 9, where we display the
gravitational mas$/¢ (in units of the solar maskl o) as a
function of the radiuk and the central baryon densipy..

We report the results obtained using either theg or the
Paris two-body potential with three-body forces. The solid
lines represent the equilibrium configurations of neutron
stars composed only of nucleons and leptons; the dashed
lines show the configurations of stars whose composition
includes interacting hyperons. As we can see, the softening
of the equation of state due to the presence of additional
baryonic species produces a strong decrease in the value of
the limiting mass, from aboutM , down to 1.M, almost
independent on the nucleon-nucleon interaction. The limiting
central densities stay nearly constant at about 7 times normal

FIG. 8. Chemical potentials of the different species as a functiofuclear matter density.

For clarity we report in Table Il the properties of the

of baryon density in neutron star matter. The upper péethows
results for neutrons and protons, whereas the electron chemical pf2aximum mass configuration obtained with equations of
tential is displayed in panéb). The dashedsolid) line denotes the ~ State ofg-stable asymmetric nuclear matter with and without
case of matter composition witho(with) interacting hyperons. hyperons. Without hyperons we observe mainly the effect of
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T T T T T T T T T T
25 . 1 r 5 251 g
— n,p.e i
— — n,p,e ,u interacting Y
RO = a0l ]
o)
0 =
E 15 > S sl ]
S =
= 10of .
1.0 4
0.5 ’ Avyg + TBF ! Paris + TBF
2:5 o b 0.5 A L L L L
0.0 0.5 1.0 1.50.0 0.5 1.0 1.5
-3 -3
a0l ] pe (fm™) pe (fm™)

o] FIG. 10. Neutron star mass as a function of central baryon den-
E 151 7] sity in the BHFTBF model with and without hyperons. Curves for
) nonrotating starddashed linesand rotations at the Kepler fre-

= 10} b guency(solid lineg are shown.
Paris + TBF| | Paris + TBF . _
0.5 Lot L L L has a shallow maximum at larger central density. However,
9 10 11 12 13 14 0.0 0.5 1.0 1.5

the corresponding maximum mass is only slightly larger than
R (km) Pe (fm~®) in the case with TBFs, as reported in Table Il. This also
shows the sensitivity of the results on the details of the
FIG. 9. Neutron star mass as a function of radle&) or central  nuclear EOS. It has to be noticed that, for stable configura-
baryon density(right) in the BHF+TBF model. Results without tions, at a given value of the neutron star mass the central
(solid lineg and with (dashed linesinteracting hyperons are com- density is larger when TBFs are included. Furthermore, neu-
pared. tron stars built with equations of state of matter containing
baryons interacting via TBFs possess a core with a larger
three-body forces among nucleons on the equation of stateyperon population than in the case without TBFs.
and, therefore, on the values of the maximum mass configu- The above scenario changes when the rotations are in-
ration. In particular, the increased repulsion among nucleonsluded. In particular, in order to treat stellar rotations in gen-
produces a stiffer equation of state and a higher value of theral relativity, we follow the method discussed in Rgf0].
maximum mass, with a smaller radius and central densityln those papers the Einstein equations for rotating massive
Even in this case we note a strong similarity in the limiting objects are solved perturbatively with a modified version of
values independently on the two-body potential. Hartle's method. With this method the authors are able to
The situation changes dramatically when interacting hy-determine sequences of star models rotating at their respec-
perons are included. In this case the additional repulsion praive general relativistic Kepler frequendyy . In Fig. 10 we
duced by the nucleon three-body forces is counterbalancedisplay the net effect of rotations on the mass-density rela-
by the increased population of hyperons, thus leading to &on. There we display star sequences at equilibrium both for
very soft equation of state. The values of the maximum masstatic (dashed linesand rotating(solid lineg neutron stars.
do not differ very much from those calculated without TBFs.The upper curves refer to equations of state without hyper-
However, the values of the maximum central densities arens, whereas the lower curves refer to equations of state
substantially different, despite the EOS looking similar in thecontaining hyperons. The rotations increase the value of the
two cases. When TBFs are included, this value becomelimiting mass by about 12%, decreasing the limiting value of
smaller, see Table Il. Without TBFs, in fact, the EOS isthe central density. Again, we do not observe a significant
slightly stiffer at higher densities and the correspondingdifference for the varioudlN potentials. In Table Il we re-
curve of the mass vs central densitiot reported in Fig. ®  port also the values of the limiting configuration.

TABLE II. Properties of the maximum mass configuration obtained for different equations of lgtgte:
is the gravitationa{maximum massRis the corresponding radius, apgdthe central baryon density. In each
case the results of the EOS without hyperoms Y), including hyperonsY), and including rotation at the
Kepler frequency Y+ Rot) are listed.

EOS Mg /Mg R (km) pe (fm™3)

noY Y Y+Rot  noY \4 Y+Rot noY Y Y+ Rot
Avig 1.64 1.26 1.44 9.10 8.70 10.53 153 1.86 1.56
Paris 1.67 131 1.50 8.90 8.62 10.30 159 1.84 1.62

Av g+ TBF 2.00 1.22 1.41 10.54 10.46 12.68 111 1.25 1.09
Parist TBF 2.06 1.26 1.45 10.50 10.46 12.65 1.10 1.25 1.09
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IV. CONCLUSIONS relativistic mean field theory, the introduction of hyperons in
The orincial finding of this paper has been a surprisinal the EOS of nuclear matter leads to maximum masses that are
P P 9 pap ’ P " 9 yonIy slightly larger[33] or substantially largef34] than the
low value for the maximum mass of a “neutron star” that

barely comprises the “canonical” valud ~1.4M ., . While ones reported here. This illustrates the lack of constraints

certainly the technical insufficiencies and approximations O#mposed on this type Of. models. .
our approach can account for an uncertainty on this limit of, Ir_1 Ref. [34] the possible onset O.f quar_k-gluon plasma. in
a few percent, it seems rather difficult theoretically to avoidthe Interior of neutron stars is also mve;pgated and foy nd to
a rather low Ii,mit on the maximum mass. As we have seenbe u_nhkely to occur up to bary_on densities we found in t.he
the mere presence of additional baryonic.degrees of freedornterlor of the neutron s.tar. It is expected that the pOSSIb|e'
) . .- presence of the deconfined phase would produce an addi-
in the form of hyperons renders the maximum mass quit

. ", . . . ional softening of the EOS, and therefore a further decrease
insensitive to the stiffness of thmicleonicequation of state. of the critical mass
Because the hyperonic onset densities at about 2-3 times It seems, therefore, that indeed the theoretical limit of the

32::16}![ Zgre]?rlg fr?aetr?hf raZ;ﬁ:Len: r%t;uszt 223 LneogEL'ngﬁE;Eaximum mass of a neutron star is rather small. A lowering
’ f the maximum mass of neutron stars due to the onset of

increased onl_y 'f. the r_lucleon-hyperon and/or hyp(?ron'hyperon formation was actually already qualitatively antici-
hyperon effectlve interactions become extremely repulswe_ 8Bated in the very first articles which investigated baryonic
high d_e hsity. Unfortunately at present the ex.penmental "M hatter with hyperong35]. However, no quantitative analysis
formation on the nucleon-hyperon interaction is rather : ’

scarce. and for the hvperon-hvberon case practically none could be done at that time, due to the uncertainties in the
istent ’ yP yP P y theoretical models. Within the present microscopic approach

. . w n give now a mor ntitative prediction of this effect.
Nevertheless, recently the NijmegéhyY potential model € can give now a more quantitative prediction of this effec

was extended to the ful'Y case by imposing isospin sym-

metry[31]. In Ref.[32] these new potentials have been used ACKNOWLEDGMENTS
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