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ABSTRACT

In an extended mean field theory, we find a large class of bound multi-

strange objects, formed from combinations of {p, n, h,-°,-_- } baryons,

which are stable against strong decay. We predict a maximal binding en-

ergy per baryon of EB/A _ -21 MeV, strangeness per baryon fs _ 1 - 1.2,

charge per baryon fq _ -0.1 to 0.1, and baryon density 2.5-3 times that of

ordinary nuclei. For A >_6, we obtain stable combinations involving only

{A _-0 =- } hyperons

This manuscript haz been authored under contract number DF_,-AC02-76-CH00016with tile U.S. Depart-
ment of Energy. Accordingly, the U.S. Government retains a non-exclusive,royalty-freelicense to publish or
reproduce the published form of this contribution, or allow others to do so, for U.S. Government,purposes.
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Strangeness (S) remains a largely unexplored degree of freedom in strongly interacting

baryonic matter. In addition to ordinary nuclei (S = 0), there exists a modest body of

data on S = -1, -2 states involving one or two A hyperons bound to a nuclear core 1, but
#

there is no information available on systems with S _<-3. It has been speculated 2,3 that

sto.tes of quark matter ("strangelets") with large strangeness per baryon (]S[/A .... 1) might

be even more stable than normal nuclei. The existence of stable strangelets could have

significant rasnifieations 4, for instance in astrophysics (nucleosynthesis, cores of neutron

stars) and for relativistic heavy ion collisions, where the production of both stable and

metastable objects might be enhanced if a transition to quark-gluon plasma takes place 5.

Strangelets 2,3 are hypothetical objects in which the quarks (u,d,s in approximately

equal numbers) are confined to a single large bag. In this paper, we consider bound states

of hyperons (A,..=°,_=-) and nucleons (n,p), where the binding arises from attractive mean

fields. In this case, the strange quarks are localized within individual hyperons, which are

assumed to retain their identity in the bound system. Hyperons are distinguishable from

nucleons, and can occupy shell model states of the same orbital angular momentum g and

total spin j as nucleons. Using an extension of the relativistic mean field (RMF) theory 6-8,

we form a succession of multi-strange nuclei by occupying the single particle bound states

supported by the mean field. Remarkably, we obtain stable systems which display many of

the features of hypothetical strange quark matter (large strangeness fraction fs = {SI/A "_

0.6-1.-, '_ small net charge fraction fq = q/A .._0.1 to -0.1 and densities p .-_(2- 3)p0, where

po _ 0.16 fm -3 is the density of non-strange nuclear matter). However, the binding energy

per particle EB/A for multi-strange nuclei, limited by the single particle well depths, is of •

order -10 to -20 MeV, much less than the h- N mass difference of 175 MeV. Thus these

objects, while enjoying stability against strong decay, will decay by weak interactions with

a typical lifetime r .-. 10-l° sec or less. Strangelets, on the other hand, could conceivably

have much larger binding energy, and also be stabilized against weak decay.

Several earlier calculations 7-11 of strange hadronic matter (SHM) have focused on

mixtures of A hyperons and nucleons, although the r61e of the heavier _ _nd -- hyperons
7,9,1in the equation of state of neutron stars has been explored 12,13. In RMF calculations 0

with A's and nucleons, a variety of multi-A hypernuclei were found, with binding per

baryon as large as EB/A _ -9 MeV, and fs _<0.2. An example is shown in Fig. 1 for a
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56Ni nuclear core plus n A A hyperons, using a standard RMF calculation with mean fields

generated by scalar (a) and vector (w) meson exchange 6. The filled circles correspond to

closed A shells with nA = 0, 2,8, 14. We have noted a key point, missed in previous work,
b

that for nA greater than some critical number, a system of N's and A's collapses via the

reactions

A+ A _ -Z- +p, E°+n. (1)

Because of binding effects, reaction (1) can induce a strong decay of the many-body

system, even though the reverse reactions ,N _ AA proceed with sizable energy release

Q = 28.3, 23.2 MeV, respectively, in free space. Therefore, stable SHM necessarily includes

a mixture of A's and "Z's, such that the decays of Eq. (1) are Pauli-blocked 14 in both

directions. Note that systems with E's are generally not stable in RMF calculations, since

the substantial energy release _ _ 75- 80 MeV in reactions like _N ---,AN or F_-----,A-

cannot be overcome by binding effects. Returning to Fig. 1, we emphasize the open circles

and squares, which correspond to stable systems with n-- _ 0. Adding ,'s to the A = 64,

nA = 8 configuration leads to a stable sequence shown as open circles for n-- = 2, 4, 10.

Similarly, adding "'s to the A = 70, nA - 14 system yields a sequence (open squares)

which extends to hE0 = 18, n_- = 8, with EB/A = -12.3 MeV, fs = 0.69, fq = 0.21. For

the next closed A shell, at nA = 18, our calculation for A = 74 yields no stable {56Ni + 18A}

configuration, since the processes (1) destabilize it. Fig. 1 does show two stable states fo,"

A -- 74, with (nA,nEo,n=__-) = (8,8,2) and (14,2,2), which do not have the same charge

and strangeness as the (18, 0, 0) configuration. We emphasize that ali of the configurations

depicted in Fig. 1 are stable with respect to any of the EN _ AA reactions.

We now describe briefly the essence of our RMF calculations, relegating the details to

Ref. 15. We consider two models, one with a weak and another with a strong hyperon-

hyperon (YY) interaction, denoted as Models 1 and 2, respectively. The latter is more

in line with the strongly attractive AA 1S0 interaction suggested by the few available

AA hypernuclear events 16. In Model 1, we simply add the {,-,.0} isospin 1/2 doublet,

coupled to the usual a and w isoscalar fields and to the isovector p field. For the w

coupling constants g, we use ratios g_oF_.= gwA/2 = gwN/3 given by the constituent quark

model (SU(6) symmetry). The a couplings are then determined by fitting the A and --

well depths 1'17 in nucleon matter, U(y) _ 30 MeV and U(/v)__ 28 MeV. Model 1, wlfich
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exhibits rather weak YY interactions, nevertheless implies the existence of stable SHM

over a wide range of {hp, nn, nn, hE0, hF- }, typically with large strangeness (fs "_ 0.6),

small charge (fq ,'., 0.1) and maximum binding energies of order EB/A "., -13 MeV. The

small net charge is due to the tendency of ---'s and protons to occupy similar orbits so as

to minimize the total Coulomb repulsion. This renders it possible for SHM to be stable in

the bulk limit (A --+ cx_), because fission does not occur for large A as in ordinary nuclei.

In Model 2, we incorporate stronger YY interactions, as suggested by the sparse AA

data 16 and also by a one-boson exchange model 18 consistent with the NN, AN and EN

scattering data. We estimate, based on this information, and the value U(Nlr) _ 80 MeV

from standard RMF calculations 6'7, potential depths

_- (^) 40 (2)
for hyperons embedded in hyperon matter at p_ _ po and PA _ po/2. In order to obtain

the necessary attraction, we supplement the a + w model by a second scalar-vector pair

a* and ¢ of isoscalar meson fields, which, are assumed to couple only to hyperons. For

the ¢(1020) couplings, we use the quark model relationships g_E = 2gCh = --2X/2-g,,,N/3.

For the a*, we use the mass of the observed f0(975) meson, but treat its couplings purely

phenomenologically so as to satisfy Eq. (2). This yielded g,,'h/gaN = 0.69, g,,'=./g,,N --

1.25. We remark that although the YY interaction has been appreciably strengthened in

Model 2 with respect to Model 1, we are still somewhat short of reproducing the binding

energy I6 of the light system A_He.

We have investigated Models 1 and 2 for a wide variety of SHM configurations based

on various doubly magic nuclear cores. Representative results are shown in Figs. 2 and

3, each of which displays three families of stable sequences. The jagged nature of these

plots is due to the effects of shell closures, which are superimposed on a smooth A, fs,

or fq dependence which may be represented by a generalization of the familiar Bethe-

Weizs£cker mass formula for nuclei. There is an approximately linear correlation between

fs and la, rather similar to the relation fq = (1 -fs)2 characteristic of isospin saturated

strange quaxk matter. The approximate parabolic behavior evident in Figs. 2 and 3 near

the minima can be parametrized as

q-cs (fs - fsmin)2 -- "FCq (fq ,,,in 2~ - ) , (3)
A rain rain



5

One family of points in Figs. 2 and 3 gives EB/A for Model 2 sequences based on 56Ni

(g = Z = 28) and 18°Wh (g = Z = 90) cores, as a function of fs (Fig. 2) or fq (Fig. 3).

We note that EB/A approaches values as large as (EB/A)min _ -21 MeV, for fmin .._ 1.08,.t S
b

f_nin __ -0.04, corresponding to systems with more hyperons than nucleons. The 56Ni

sequence starts from fs = 0, fq = 0.5, corresponding to a stable core, and extends to

systems as large as A ._ 300. In contrast, the unstable 18°Th core requires a large injection

of stroalgeness to stabilize it against baryon emission. In this case, the region of stability

extends from A _ 390 (fs _'20.9, fq _-20.08) to A ,._625.

Another family in Figs. 2 and 3 consists of sequences of stable SHM in Model 1, for

1328n (N = 82, Z = 50), 2°8pb (N = 126, Z := 82) and 31°G (N = 184, Z = 126) cores.

Here, due to the weaker YY interactions, EB/A achieves values only as large as -13 MeV,

with a correspondingly smaller strangeness content (fmin ... 0.6) and a positive charge

(f_nin _ 0.1). A more detailed breakdown of the S6Ni sequence for Model 1 is shown in

Fig. 1.

A third family of objects is seen as a cluster in the upper right-hand corner of Fig. 2 and

the upper left of Fig. 3. These represent stable aggregates of purely hyperonic {A, _-0, E- }

matter which occur in Model 2 but not in Model 1. For such systems, we find EB/A as

large as -9 MeV, for fs _- 1.8 and fq __ -0.3 4- 0.1. It is unlikely that such clusters are

bound with only one or two species of hyperons. The lightest stable object of this type is

likely to be (2A + 2E ° + 2-=-). Purely hyperonic matter, in contrast to SHM in general, is

not stable in the bulk limit, because of the Coulomb repulsion generated by the E-'s.

In summary, we have introduced a strong hyperon-hyperon interaction into the rela-

tivistic mean field model, and explored its consequences for the stability of strange hadronic

matter. We find a vast array of stable objects composed of {n,p,A,E°,E - } baryons, of

arbitrarily large baryon number A, very high strangeness content (f, > 1) and small net

charge (even fq < 0). Even if the YY interactions are weakened, as in Model 1, these

features remain qualitatively valid. The existence of such bound states, and the possibility

of stability in the bulk matter limit, may have important consequences for the disposi-

tion of the numerous strange particles produced in relativistic heavy ion collisions 19, the

strangeness distillation mechanism s for the hadronization of quark-gluon-plasma, and the

equation of state of neutron stars at high density 11-13 These issues remain to be explored.
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lt may be possible to produce some of the lightest metastable objects envisaged here in the

laboratory, by means of high energy heavy ion collisions. Estimates based on a coalesccncc

mechanism 2° yield very small production rates, for instance 3 x 10-9 events per central

Au+Au collisions at 11.7 GeV/c for the lightest bound Y. system EoAAHe. However, it

considerable enhancement of the rate may occur if quark gluon plasma is formed 5,21
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Figure Captions

Fig. 1: Binding energy per baryon EB/A, for Model 1 (weak YY interaction) as _t

function of baryon number A, for bound states of strange hadronic m'dttcr

consisting of a 56Ni nuclear core plus differing numbers of A, E0 aJld ---

hyperons. The solid circles represent systems consisting only of the 56Ni

core plus A's, with nA = 0,2,8, 14. The open circles correspond to objects

with nA = 8, to which E hyperons are added (hE = 2, 4, 10). These ,_'e more

deeply bound than systems of the same A which have nn > 8, n-- = O. The

open squares have n A "- 14, with n-= = 2,4,8,10,16,22,26.

Fig. 2: Binding energy per baryon EB/A as a function of strangeness fraction fs

for several sequences of SHM based on various nuclear cores as indicated.

The super-heavy core 31°G has N = 184, Z = 126, and the symbol Y

refers to multi-hyperon systems containing no nucleons (N = Z = 0). The

calculations for the 132Sn, 2°8Pb and 31°G cores use Model 1 (weak YY

interaction), while those for 56Ni, lS°Th and Y use Model 2 (strong YY

interaction).

Fig. 3: EB/A as a function of charge fraction fq for various sequences of stable

SHM. The labeling is the same as in Fig. 2.
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