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Strange hadronic matter with a weak Y-Y interaction
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A modified quark meson couplindQMC) model is extended to includ& hyperons an& hyperons. The
extended model is then used to study the equation of 6B for strange hadronic matter. A weakA
interaction deduced from recent observatiorﬁQHe double hypernucleus is adopted in the calculation. The
resultant EOS is compared with that deduced from a strorginteraction. It is found that while the system
with the strongA-A interaction is more deeply bound than ordinary nuclear matter due to the opening of new
degrees of freedom, the system with the waal interaction is rather loosely bound compared to the latter.

It is necessary to introduce the strange mesehsand ¢ in the MQMC model to properly describe the
interaction between the hyperons in either strong or weak interaction cases.
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I. INTRODUCTION AB,,=1.01+0.20513MeV is deduced from the measured
data. This value is much smaller than the previous estimation

Since the first hypernucleus was seen in emulsion byABAA:4-5 MeV from the early experimenf&@7—29. The A
Danysz and PniewskKi] in 1953, the strangeness carried by well depth in *

«h ’ di ion for studies | | ‘A matter” at density 0./ was estimated as
s quark has opened a new dimension for studies in nuclegr) _

physics. In recent years, exploring nuclear system Wit?lX(A _22 (I;/Ilem t\)/y.Schaf;rl%e)ial.M[le.llf tge.ne\é\/ value
strangeness, especially with large strangeness has received®* " ev IS usedvy =5 eV is obtained. Up to .
) geness, esp y g 9 .now, almost all the theoretical studies on strange hadronic
increasing interest. Such a system has many astrophysical_,/

d logical implicati 4 is indeed int ina b atter rely on the early estimate of theA interaction. It is
and cosmological implications and IS indeed INteresting Dy o afore interesting to reexamine the properties of strange

itself. For instance, the core of neutron stars may contain 8,4ronic matter by using the new data. This is the main
high fraction of hyperong2-4]. There are two kinds of ,,n55e of this work. A modified quark meson coupling

strange matter: strange quark matter and strange hadro E/IQMC) model will be used in our discussion.
matter. On one hand, it has been specul@fed)] that states In the QMC model[30], baryon matter consists of non-

of quark matter “strangelets” with large strangeness peperjapping baryon bags bound by the self-consistent ex-
baryon might be more stable than the normal nuclei. Theange ofy and w mesons in the mean-field approximation

experimental work searching for the strange quark matter Na§ea) The baryon is described by the static spherical MIT
been going on in BNL-AGS and CERN-SR$-12. Up 10 54 in which quarks interact self-consistently with the above
now, no evidence for the production of strangelets has beep,asqn fields. Although it provides a simple and attractive

observed within the experimental limits. On the other handg,mework to incorporate the quark structure of the nucleon
strange hadronic matter or hypernuclei have also been inveg; o description of nuclear system, the QMC model has a
tigated[13—24. In this case, the strange quarks are IocalizeoE] ;

thin individual h hich q o thei erious shortcoming. It predicts much smaller scalar and vec-
within individual hyperons, which are assumed to retain thelt, . qtentials for nucleon than obtained from relativistic

id_entity in the bound system. As pointed out by SCh"’“(f"]er'nuclear phenomenology. The spin-orbit potential obtained
Bielich and Gal[25], some early works about strange had-,m the QMC model is, therefore, too weak to explain the

ronic. matter are incomplete, either discussingmatter gy orhit splittings in finite nuclei and the spin observables

L13'14’20f0r ignorin%_E h_)llpir;)ns_[I_th] or constrairlﬂn? the ih nucleon-nucleus scattering. Meanwhile, the QMC model
yperon fraction arbitrarily[19]. The correct calculation giec” (o0 farge effective nucleon  masgM’yMy

should fulfill the requirements of chemical equilibriyi22]. =0.839-0.85p Jin and Jenning§31] pointed out recently

Up lto' now t'he mc;lhusmlm oflmultlplelunltds ‘%fh.s”?‘”ge”ess Nthat the resulting small nucleon potentials in the QMC model
nucier remains rather largely unexpiored. This IS beCause ol from the assumption of fixing the bag constant at its

the technical difficulty(experimentgl and the uncertainty of free-space value, and that this assumption is questionable.

the interactions between baryofteeoretica). Recently, Ta- They proposed a MQMC model, in which the bag constant

kahashiet al. [26] reported their obs_ervation of %AHe depends on nuclear density. It was found that when the bag
double hypernucleus, where th&-A interaction energy qnsiant drops significantly in nuclear matter relative to its

free-space value, the large potentials for nucleons in nuclear
matter can be recovered. This is consistent with the relativ-
*Electronic address: songhg@sinr.ac.cn istic nuclear phenomenology and finite-density QCD sum
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rules. On the other hand, Guichen al. [32] improved the =u,d,s) in the jth baryon(j=N, A, E). 0, , ¢, and ¢ are
original QMC model to describe finite nuclei. lat al. [33] the mean-field values of the, w (the time componento”
modified this version of the QMC model to consider theand ¢ (the time componentmeson fields, respectivelyn;
medium dependence of the bag constant, following Bdfl.  is the bare mass of thiéh quark. It is usually assumed that
We will extend this version of the MQMC model to include theu andd quarks have the same couplings to thand

s quark degree of freedom and then use it to study the equanesons, which are denoted asandg?. And thes quark
tion of state of strange hadronic matter by using the weak asq,ples only to ther” and ¢ mesons with coupling con-

well as the strong\-A interactions separately and compare s s ;
the results in both the cases. As proposed by Schadfnat. fstantsga* andg¢: Th.e normalized ground state for a quark
in the baryons is given by

[17], we will also include ther” and ¢ mesons in the model

to properly describe the interaction between hyperons. io(%,iF/R) '
Considering reactiond +A—E"+p, A+A—=%n and Wi (F, ) = Njexp— gy /IR ] X ( OV )L;
their reverses, one has to consider also the mixture of the iByjjo - Fia(xiyr/R) ) 4w

cascadesS~ and =2° in the strange matter, besidés. For (2)
simplicity, we assume thaE~ and Z° will appear in the

strange matter with equal amount. This is similar to the prowhere
tons and neutrons in symmetric nuclear matter. We will,

—_ 1 |
therefore, use a single symbgl for these particles. In this gify = Qi + R(G,0 + 94). (3)
work, we will not consider the mixture of thE hyperons. ) . ) 5
The reason is twofold. First, th® potential in the nuclear Nt = 2R (i = D + Ry /215, (4)
matter at saturation density is rather uncertainly predicted,
ranging from completely unboun@®4] to Uy=-25+5 MeV Bij= \’/(Qi/j - R].mi*)/(Qi,j + ijf) (5)

[35]. As pointed out by Balbergt al. [36], systems involving —
3’s together with nucleons ok’s generally will be unstable  With Q;;=+x5;+(Rim)2, x; being the quark spinor, ang,
with respect to the strong decaggN— AN or SA—EN. the bag radius. The effective quark massis defined by
Second, theQ values for the strong transitionsSN— AN, . i -
35— AA, SA—EN, andSE—AE are about 78, 156, 50, m=m-g,0-g,0 . (6)
and 80 MeV, respectively37]. To Pauli block these pro-
cesses, we need a rather high densityAofOn the other
hand, theQ value of EN— AA is only about 28 MeV.

This paper is organized as follows. The model is intro- jo(Xisp) = B (i) -

duced in Sec. Il. The calculated results and some discussionsh fecti fthe b in th L b
are presented in Sec. Ill. The effective mass of the baryons in the matter is given by

The eigen-frequency;; is determined by the boundary
condition at the surface:

Il. THE EXTENDED MODIFIED QMC MODEL > oy

R)=————+ 378 R’ (7)
with an equilibrium chditior(dM*(Rj)/de):O. HereB; is
the bag constant ang, is a phenomenological parameter
Which accounts for zero-point motion and gluon fluctua-
tion correctionn; is the quark number of typein baryon

Here we will follow the new version of the QMC model
[32], which is a little different from the earlier version given
by Saito and Thomag30]. In the new version, the effective
nucleon mass in nuclear matter at saturation depgiseems
more reasonable than the one in the earlier version. The ne
version was extended later by lai al. [33] to consider the
medium dependence of the bag constant. This model will bé
extended in this work by including. andZ hyperons in the
system and an additional hyperon-hypefdRY) interaction
mediated by two additional strange meserisand ¢ which 408 o

BJ = Bjoex%_ ) s

Considering the medium effect, the bag constBptis
expressed ag31,33

(8)

couple only to hyperons. Since the system considered is -
symmetry for nucleons and cascades and unpolarized, there i

are no contributions fromp and = mesons. whereg? is the coupling betweear meson and théth bag

In the QMC model, baryon matter consists of nonoverlapandB,, is the bag constant in free space. The bag constant
ping baryon bags bound by the self-consistent exchange @fepends on the baryon density through the scalar mean
o, w, o, and¢ mesons in the MFA. The baryon is described fig|d o
by the static Sphel’ical MIT bag in which quarks interact self- The total energy per baryon at the baryon denp'gy's
consistently with above meson fields. The Dirac equation fogiven by
a quark fieldis; in a bag is then given by

. i i * i i 1 kFJ g * g 1
['7'(9_(mi_glga'_glg*0')_Vo(ngw+gl<,;¢)]¢i/j:01 Etm:mz )/jf dk\/M12+k2+§(m(2,0'2+mf)w2
B ] B
(1)
+ o + i), 9)

whereg, g, g, andd}, are the quark meson coupling
constants. The subscriptsand j denote theith quark (i where the spin-isospin degeneragy4 for nucleons and
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cascades, ang=2 for lambdas. The total baryon density

pg is the sum of the nucleom\ and = densities,

pe=pntpat Pz (10)
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= iE+ W2,

Substituting Egqs(19)—(21) in Eqg. (18), we obtain the fol-
lowing condition for the chemical equilibrium amorigs,

(22)

The Fermi momentunkF is determined by the relations As, and the nucleons.

pj= 'y]k /67, The and ¢ fields are determined by
baryon 'number conservation, their values are expressed by

_3 +2 +99p=
ga)pN gaz)pA gwp,_, (11)
mw
and
+ 205 p=
M. (12)
m,

The scalar mean field and o™ are determined by a self-

consistency conditiodSCC) [22],

ke L M IM;
m(2 )32y,J dk _( ) (13)

and
ke, ’.‘ a|\/|
(14)
where
aMT> 167g2IRB;j
i) —_ de  _ o
— ] TN %Sy T o (15
( (70' Rj 9 S” 3MJ
IM; .
P 0_* == ngng*ng . (16)
Rj

Here §); is the scalar density of théth quark in jth
baryon:

Q,/J/2+Rm (Q,/l 1)
I/J(QI/] l) + R 2.

S f dr‘ﬁl/]’ﬂl/] (17)

2vy—y—v==0. (23
One usually defines a strangeness fractigias
+ 2p=
fSE u (24)
PB
Given pg and fg, we determinepy, p,, and pz by Egs.

(10), (23), and(24).

IIl. CALCULATION AND RESULTS

We will discuss the bag constants first. The bag constant
in free spaceB;, and phenomenological parametgy are
fixed by using Eq.(7) and the equilibrium condition
aM}/(?RJ—:O to fit the massvl; and radiusR, of free baryons.

In our calculations, we choosBj,=0.8 fm and m,=0(q
=u, d). For nucleon, we tak&y=939 MeV and then obtain
Bﬂ{,‘:170.28 MeV andzy=3.273. As for the hyperons, we
assume that the values Bf, are equal to the values &,
and set thes-quark massn,=250 MeV. Then we obtaitzg
=3.117 andR;(=0.806 fm by fitting free A mass M,
=1116 MeV andZ5=2.857 andR=(,=0.818 fm by fitting the
free cascade madéd=-=1318.1 MeV.

We next come to the coupling constants. As in Ra8§],
the coupling betweew field and nucleon bag is set g§"
=2.8. Theng?=4.14 andg,=3g%=9.34 are determined so as
to fit the binding energy per nucledr15.73 Me\j and the
saturation density(p,=0.15 fn73). The effective nucleon
massM*/M=0.761 obtained seems reasonable. Then the cou-
pling betweeno field and lambda bag§A=1.663 is deter-
mined by fitting the energy,=-28 MeV [38,39 of one
single A in symmetric nuclear matter at saturation density.
Similarly, we have used the energy of one singlen sym-
metric nuclear mattef=z=-18 MeV [40] to determine the

In the system with equal number of protons and neutronsoupling constants betweenfield andE bag, g;—l 109.

as well as equal number &° and=", the chemical equilib-
rium condition for the reactionsA+A=n+Z% and A
+A=p+E" reads

2pp = Nt pE, (18)
where
un= vyt 300, (19
Ma = v+ 2000 + g5, (20)
uE = vz +ghw + 2050, (21)
with v; being

And then there are two coupling constagfs and 9¢ to be
determined. Following Ref[l?] we fix gd) by using the
SU(6) relation: g¢/gq=—\2 As for the determination of the
coupling constang «, the left physical constraint, namely,
the A-A interaction energy in doubld hypernucleusAB,
can be used. In doing so, one should do calculations for finite
nuclei to adjust forAB, 4. It will be very complicated in the
MQMC model and will be done elsewhere. Since the main
purpose of this work is to make a simple estimate of the
effect from differentA-A interaction strength, we will just
follow the estimation made by Schaffnet al. [17]. Denot-

ing the potential depth of a single nucleon in a nucleon
“bath” at saturation density, by VN the potential depth of

a singleA in a A bath atp,=0.50, by /"), they obtained
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E/B (MeV)
E/B (MeV)

Strong A-A Weak A-A

-30 T T T T -30 T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5

p, (fm™) P, (fm?)

FIG. 1. Energy per baryon vs baryon density in the strange FIG. 2. Energy per baryon vs baryon density in the strange
hadronic matter with various values & calculated with a strong hadronic matter with various values &f calculated with a weak
A-A interaction. A-A interaction.

" reached and then become shallower and meanwhile the
Vit _1W/4Vy, 1 (25  Saturation point moves towards high density until a value
vV 238V 4 of aroundp=0.38 fm 3 is reached and then moves back-
wards. There is a negative minimum for each curve with
where the first factor of 1/2 stands for the density ratio offg value from 0 to 2.0. It means that the strange hadronic
the two baths and the second for the statistical factorsnatter is stable against particle emission within the region
appearing in Eqs(148—(14c¢) in Ref.[17] (a 1/4 forAA  of the strange fractions considered here. The cases with
and a 3/8 forNN). From old dataV,,=AB,,=4-5MeV  fs=0 andfs=2 correspond to the ordinary nuclear matter
and Vyn=6-7 MeV, we havev,,/V\y=3/4 for the last ra- and pure cascade matter, respectively, where the chemical
tio. Since\/(NN) is about 80 MeV in relativistic mean field, we equilibrium condition is not satisfied.
obtain /¥ =20 MeV. If we takeV,,=1.01 MeV from the The same curves but with the weadkA interaction are
newest data, ther\/AA):lllaﬁNN):S MeV. The coupling shown in Fig. 2. One can find that the situation in this case is
very different from that of the strong-A interaction case as
V) ) ) ) shown in Fig. 1. It is seen that the saturation curve gets
depthV’=20 MeV. Since the above value is estimated ac-ghajiower and shallower with increasing strangeness fraction
cording to a strongeA-A interaction,AB, , =4-5 MeV, it fs. And there is no negative minimum in the saturation curve
will be referred hereafter as strongA interaction. If we use \yhen fs value is larger than about 1.0. The results indicate
the newest valueABy,~1.01 MeV, then we haveV"  that the strange hadronic matter with the welak\ interac-
~5 MeV andg’.=2.875. It will be referred as weak-A  tion is less stable than the normal nuclear matter and be-
interaction. The bare masses of the mesons are taken to lbemes unstable when the strangeness fradias over 1.0.
m,=550 MeV, m,=783 MeV, m,=770MeV, my To see the stability of the system agaifigtwe minimize
=975 MeV, andm,=1020 MeV. E/B with respect tgpg for each strangeness fractidg As a
By using the formalism presented in Sec. Il and the coufunction of the strangeness fractidg we present the mini-
pling constants determined above, the saturation propertievized E/B in Fig. 3(@), the corresponding baryon densjy
of the strange hadronic matter with different strangenes# Fig. 3(b), and the corresponding fractions of theY, and
fractionsfg are studied. As usual, we would like to subtractof the cascadeYz in Fig. 3c) for the strong(the solid
the baryon masses in the total energy per baryon of theurveg as well as the weakthe dashed curvgs\-A inter-
strange matter given by Eq9) and to study the binding actions. The differences in two cases become more clear in
energy per baryon expressed as these figures. With the strong-A interaction, the strange
hadronic matter is more deeply bound for mdstvalues
considered here than the normal nuclear matter. The most
deeply bound state appears at baryon densit0.38 fri®
and with strangeness fractidg=1.33, where cascade domi-
whereY, andYz are theA and cascade fractions, respec- nates. If theA-A interaction is weak, then the strange had-
tively, in the matter defined a¥,=p,/pg and Yz=p=/pg. ronic matter with any strangeness fraction is less stable than
The binding energy per baryd&/B vs baryon densityg  the normal nuclear matter. The larger the strangeness fraction
at various strangeness fractiorig calculated with the s, the less stable the system is. The minimized energy for
strong A-A interaction, are presented in Fig. 1. It is seeneachfg increases with increasinfs. There is no negative
that with increasing strangeness fractignthe saturation minimum whenfgis larger than about 1.0. In fact, even if in
curves get first deeper until & value of around 1.33 is the strongA-A interaction case, either the interaction be-

constantg}=8.675 is then determined by fitting the well

E
B Ewot = MN(A - Y, - Y2) ~M,Y, -MzYz,  (26)
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FIG. 3. (a) The minimized energy per baryotn) the corresponding baryon density,
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15 2.0

aegithe corresponding fractionY, and cascade

fraction Yz in the strange hadronic matter with the strokg\ interaction(solid curvg and the weak\-A interaction(dashed curvg as a

function of strangeness fractidia.

tween nucleon and hypero¥_y or the interaction between hadronic matter. From the above discussions, we have
hyperonsVy_y is still weaker than the interaction between learned that the differer¥-Y interactions result in very dif-
nucleonsVy_y. It is the opening of the new degrees of free- ferent systems. While the system with the strafg\ inter-

dom that causes the hyperons to fill the levels lower than thaction and in a quite large strangeness fraction region is more

Fermi level of nucleons, which lowers the strange hadronic "

system.

In order to examine the role of the strange mesenand
¢, the calculation of the saturation curves was also made for
the system by switching off the parts of ti¥eY interaction
mediated by the two strange mesons. The results are shown
in Fig. 4. One can easily find that the situation in this case is
between those with the strong and weakA interactions,
i.e., the system in this case is too loosely bound compared to
the one with the strong-A interaction but too tightly bound
compared to the one with weak-A interaction. In fact, the
potentialV{" of a singleA hyperon in theA bath at density
pr=0.50q, in this case, is about 13.8 MeV which is much
deeper than 5 MeV required by the recent experini2éit It 00

E/B (MeV)

20

-30

without o*,@

is, therefore, still necessary to introduce theand ¢ mesons
to describe properly the interactions between hyperons.

In summary, we have extended the MQMC model for

0.1

0.2

0.3
p (fm®)

0.4 0.5

FIG. 4. Energy per baryon vs baryon density in the strange

ordinary nuclear matter to strange hadronic matter and thenadronic matter with various values ff calculated without” and
used the extended model to discuss the properties of strangemesons.
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